REMARKS 

Claims 7, 9, 10, 13-15, and 23 were pending as of the December 20, 2002 Official 
Action. While not necessarily in agreement with the rejections made by the Examiner, 
Applicants have amended the claims to expedite review and allowance. Applicants also reserve 
the right to prosecute any cancelled claim matter in later applications. 

The Examiner's grounds for rejecting all application claims is traversed as set forth below. 

I. THE SECTION 112, Z"'* PARAGRAPH REJECTION OF CLAIM 27 

The Examiner rejected claim 27 as being indefinite because it is the Examiner's position 
that the identification of the persons in need of treatment is uncertain and indefinite. This objection 
has been overcome by (1) amending the claim to make it definite; and (2) by submitting a 
Declaration by one of the inventors - Dr. Italo Biaggioni. 

Claim 27 is amended above to direct the method to the treatment in mammals of a "disease, 
disorder or condition mediated by antagonizing A2B receptors. . . This claim amendment 
succinctly identifies the group of mammals covered by the claim. 

The Examiner also takes the position that the claim is indefinite because relatively little is 
known about the effects of the receptor, and therefore, there is no way of knowing just who this 
claim covers. A Declaration of Dr. Italo Biaggioni, one of the application inventors, is attached to 
this Reply at Appendix A. In his Declaration, Dr. Biaggioni identifies and includes copies of many 
articles that discuss the many diseases, disorders and conditions mediated by antagonizing the A2B 
receptor. (See Biaggioni Dec. 1I1f6-8). Dr. Biaggioni's Declaration concludes that one of ordinary 
skill in the art at the time of the invention would be aware of the diseases, disorders and conditions 
mediated by antagonizing the A2B receptor. (See Biaggioni Dec. 119). Dr. Biaggioni's Declaration, 
along with the claim 27 amendments presented above are believed, therefore, to overcome the 
Examiner's rejection of claim 27 for indefiniteness. 

II. THE DOUBLE PATENTING REJECTION 

The Examiner provisionally rejected claims 7, 9-10, 13-15, 23, 27 and 28 under the 
judicially created doctrine of obviousness-type double patenting as being unpatentable over claims 
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of co-pending and related application serial no. 10/285747. 

This rejection is overcome by filing a Terminal Disclaimer related to application no. 
10/285747 contemporaneously with the filing of this Reply. A copy of the Terminal Disclaimer is 
attached to this Reply at Appendix B. 



CONCLUSION 

Applicants request the Examiner to reconsider the rejections in view of the above 
arguments and claim amendments. Favorable reconsideration and allowance of the pending 
application claims is therefore courteously solicited. 

Respectfiilly submitted, 

McDonnell Boehnen 
Hulbert & Berghoff 



Dated: November 19, 2003 By: 



A. Blair Hughes 
Reg. No. 32,901 
312-913-2123 
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Art Unit: 1624 
Examiner: M. Berch 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

(Case No. MBHB00-618-A) 

In the Application of: 

Italo 0. Biaggioni et al. 

Serial No.: 09/648,775 

Filed: August 28, 2000 

Title: Selective Antagonits of A2B Adenosine 
Receptors 

Commissioner for Patents 
Washington, D.C. 20231 

Sir: 

DECLARATION OF DR. ITALO BIAGGIONI 
(PURSUANT TO 37 C.F.R SECTION 1.132) 



I Italo Biaggioni, residing at 2873 Sugartree Rd, Nashville, TN 37215, do hereby 

declare: 

1 . I am a named co-inventor of this United States Letters Patent Application Serial 
No. 09/648,775, filed on August 28, 2000. 

2. I hold a M.D degree in Medicine from Universidad Peruana Cayetano Heredia, 
Lima, Peru. 

3. I am currently, Professor of Medicine and Pharmacology at Vanderbilt University 
School of Medicine. I have been actively pursuing the design of drugs and Pharmacological 
research at Vanderbilt University school of Medicine for 20 years. I have been actively engaged 
in the study of Adenosine A2B receptors and human diseases and conditions treatable with 
antagonists of Adenosine A2B receptors for 8 years. Prior to joining the Faculty at Vanderbilt, I 
did three years training in internal medicine in Lima, Peru and three years of fellow^ship training 
in Clinical Pharmacology at Vanderbilt University. 

4. I have reviewed the specification of the above-captioned patent application. 

5. One aspect of the invention claimed in the above-captioned patent application is a 
method for treating diseases, disorders or conditions mediated by the A2B receptors in a 



mammal such as a human by administering to a mammal in need of such mediation a 
therapeutically effective amount of a claimed A2B antagonist compound. 

6. Those persons working in the area of A2B receptors are aware of mammalian 
diseases, disorders, and conditions that are mediated by the A2B receptor. The pertinent 
diseases, disorders, and conditions are described in various textbooks and articles related to 
Adenosine receptors. 

7. I have attached copies of each of the following references to this Declaration: 

• Auchampach JA, Jin X, Wan TC, Caughey GH, and Linden J (1 997) 
Canine mast cell adenosine receptors: Cloning and expression of the A3 
receptors and evidence that degranulation is mediated by the A2B receptor. 
MoLPharmacol 52:846-860. (Tab A). 

• Feoktistov I and Biaggioni I (1995) Adenosine A2b receptors evoke 
interleukin-8 secretion in human mast cells. An enprofylline-sensitive 
mechanism with implications for asthma. J. C/m./wve^/. 96:1979-1986. 
(Tab B). 

• Feoktistov I and Biaggioni 1 (1997) Adenosine A2B receptors. 
PharmacoLRev, 49:381-402. (Tab C). 

• Feoktistov I, Polosa R, Holgate ST, and Biaggioni I (1998a) Adenosine 
A2B receptors - a novel therapeutic target in asthma? Trends 
PharmacolScL 19:148-153. (Tab D). 

• Feoktistov I, Wells JN, and Biaggioni I (1998b) Adenosine A2B receptors 
as therapeutic targets. Drug Dev.Res. 45: 1 98-206. (Tab E). 

• Grant MB, Tarnuzzer RW, Caballero S, Ozeck MJ, Davis Ml, Spoerri PE, 
Feoktistov I, Biaggioni I, Shryock JC, and Belardinelli L (1999) 
Adenosine receptor activation induces vascular endothelial growth factor 
in human retinal endothelial cells. Circ.Res. 85:699-706. (Tab F). 

• Strohmeier GR, Reppert SM, Lencer WI, and Madara JL (1995) The A2b 
adenosine receptor mediates cAMP responses to adenosine receptor 
agonists in human intestinal QpithcWa, J.Biol.Chem. 270:2387-2394. (Tab 
G). 

I am listed as co-author of the references attached at Tabs B, C, D & E. I have reviewed and am 
familiar with each of the remaining references. 

8. The references teach the following about diseases, disorders, and conditions that 
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are mediated by the A2B receptor: 



A, Mast cell activation, asthma, and other inflammatory processes 

Adenosine is known to activate mast cells that express A2B receptors. This has been shown in 
human (Feoktistov and Biaggioni, 1995) and canine (Auchampach et al., 1997) mast cells. Mast 
cells are involved in allergies, asthma, and other inflammatory processes. Adenosine, given by 
inhalation as its precursor AMP, is known to provoke asthma in asthmatics by activation of mast 
cells (for review see (Feoktistov et al., 1998a). Inhibition of mast cell activation using A2B 
antagonists, therefore, may be useful in the treatment of asthma, allergies, and other 
inflammatory processes. 

B. A ngiogenesis 

Adenosine A2B receptors are present in endothelial cells, and their activation mediates 
endothelial cells growth (Grant et al., 1999), an important step for the formation of new blood 
vessels ("angiogenesis")- Aae antagonists, therefore, may be useful in conditions characterized 
by abnormal blood vessel grov^h, as occurs in diabetic retinopathy, 

C Intestinal secretion 

Activation of adenosine A2B receptors present in intestinal epithelial cells stimulates chloride 
secretion (Strohmeier et al., 1995). This is thought to be the mechanism my which neutrophils- ' 
induce diarrhea. A2B antagonists, therefore, may be useful in the treatment of diarrhea induced 
by inflammatory or infectious processes. 

9. In view of the above points, the diseases, disorders and conditions treatable by 
A2B receptor antagonists are well known and those working in this area would be aware of such 
diseases, disorders and conditions. Therefore, those working in this area would understand 
which humans are in need of treatment with A2B receptor antagonist compounds of our 



I hereby declare further that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that 
theses statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 



invention. 



Signed: 




Dr. Italo Biaggioni 



Date: November 19, 2003 
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SUMMARY 

We cloned and characterized the canine A3 adenosine receptor 
(AR) and examined AR-induced degranulation of the BR line of 
canine mastocytoma cells. Canine A3AR transcript is found 
predominantly in spleen, lung, liver, and testes and encodes a 
314-amino acid heptahelical receptor. ""^^l-A/^-Amlnobenzylad- 
enosine binds to two affinity states of canine A3AR with 
values of 0.7 ± 0.1 and 16 ± 0.8 nM, reflecting G protein- 
coupled and -uncoupled receptors, respectively. Xanthine an- 
tagonists bind with similar affinities to human, canine, and 
rabbit receptors but with 80-400-foid lower affinities to rat 
A3AR. Although canine BR mastocytoma cells contain A-,AR, 
AgsAR, and A3AR, degranulation seems to be mediated primar- 
ily by AgeARs stimulated by the nonselective agonist 5'-A/- 
ethylcarboxamidoadenosine (NECA) but not by the A3-selective 
agonist A/^-(3-iodobenzyl)adenosine-5'-/\/-methylcarboxamide. 



NECA-stimulated degranulation is not prevented by pertussis 
toxin and is blocked by enprofylline (K,- = 7 ptM), an antiasth- 
matic xanthine with low affinity (Kf > 100 ^m) for A^AR, AgAAR, 
and A3AR. NECA increases canine mastocytoma cell cAMP, 
Ca^"^, and inositol trisphosphate levels; these responses are 
antagonized half-maximally by 7-15 /xm enprofylline. The re- 
sults suggest that (i) the cloned canine A3AR is structurally and 
pharmacologically more similar to human than to rat A3AR; (ii) 
the A2bAR, and not the A^AR or A3AR, is principally responsible 
for adenosine-mediated degranulation of canine BR mastocy- 
toma cells; and (iii) the BR cell AaeAR couples to both Ca^"^ 
mobilization and cAMP accumulation. Although A2B receptors 
play a major role in the regulation of BR mast cell degranulation, 
multiple AR subtypes and G proteins may influence mast cell 
functions. 



Adenosine exerts numerous physiological effects that were 
originally thought to be mediated by three adenosine recep- 
tors, Aj, A2A, and Age- In the early 1990s, a new adenosine 
receptor was cloned from rat tissues, first by Meyerhof et al. 
(1) and then by Zhou et al (2), who named it A3. More 
recently, human (3), sheep (4), and rabbit .(5) A3 adenosine 
receptors have been cloned and characterized. Functional 
expression of A3 adenosine receptors from various species 
indicates that Aj and A3 receptors bind the radioligands 
[^25i]APNEA, [^25i]ABA, and [^^^IJAB-MECA and are nega- 
tively coupled to adenylyl cyclase (2, 4, 6). One unusual 
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property of A3 adenosine receptors is a major difference 
among species in the binding affinity of xanthine antago- 
nists. In particular, the rat receptor is resistant to blockade 
by xanthines, whereas sheep, human, and rabbit receptors 
bind certain xanthines with high affinity, although with dis- 
tinct potency orders (3). 

The addition of adenosine to rat basophilic leukemic cells 
(RBL 2H3 cells; a tumor cell line resembling mast cells) 
causes facilitation of the release of granules, which is medi- 
ated by A3 adenosine receptors (7, 8). A3 receptor activation 
also triggers the degranulation of mast cells surrounding 
hamster cheek pouch arterioles (9). Based on these results, 
the observation that the inhalation of adenosine produces 
histamine release and bronchoconstriction in asthmatics but 



ABBREVIATIONS: p^sij^pNEA, A/®-2-(4-amino-3-f 2^l]iodophenyl)adenosine; f^^lJABA, t^'[4'amr\o-Z'\^^%o6oberizy\)adex\osme\ \}^%kB- 
MECA, A/®-(4-amino-3-p^^l]iodobenzyl)-adenosine-5'-A/-methylcarboxamide; IB-MEGA, A/®-(3-iodobenzyl)-adenosine-5'-A/-methylcarboxamide; 
GTP7S, guanosine-5'-0-(3-thio)triphosphate; XAC, 8-(4-[{2-anriinoethyl)aminocarbonyImethyloxy]-phenyl)-1 ,3-dipropylxanthine; CPA, A/^-cyclo- 
pentyladenosine; AM, acetoxymethyl ester; (f?)-PIA, (/?)-W®-phenylisopropyladenosine; NECA, 5'-/V-ethylcarboxamidoadenosine; l-ABOPX, 3-(4- 
amino-3-iodobenzyl)-8-oxyacetate-1 -propyl-xanthine; 8-SPT, 8-sulfophenyltheophylline; NBTI, nitrobenzylthiolnosine; RT, reverse transcription; 
PCR, polymerase chain reaction; BSA, bovine serum albumin; SSC, standard saline citrate; SDS, sodium dodecyl sulfate; DM EM, Dulbecco's 
modified Eagle's medium; HEK, human embryonic kidney; InsPg, inositol trisphosphate; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic 
acid;. 
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not in nonasthmatics (10, 11) and the discovery of high levels 
of A3 adenosine receptor transcript in human and sheep lung, 
we proposed a role for the A3 adenosine receptor in the 
pathophysiology of asthma (12). Because rodents may be poor 
animal models for the investigation of the role of A3 receptors 
in human allergy and asthma, we decided to clone the canine 
A3 adenosine receptor as a first step toward characterizing 
the role of A3 adenosine receptors in canine models of 
asthma. 

Here, we report the cloning, expression, and pharmacolog- 
ical characterization of an A3 adenosine receptor cDNA iso- 
lated from BR cells [canine mastocytoma cells (13)]. Low 
levels of both A^ and A3 adenosine receptors are found on BR 
cells, but these are not primarily responsible for stimulating 
degranulation of this canine mastocjiioma cell line. Rather, 
an A2B adenosine receptor causes degranulation via a per- 
tussis toxin-insensitive pathway that mobilizes mastocytoma 
cell Ca^"^ and can be blocked by the antiasthmatic xanthine 
enprofylline (14). 

Experimental Procedures 

Materials. All chemicals were obtained from Sigma Chemical (St. 
Louis, MO) with the following exceptions. IB-MECA was from Dr. 
Saul Kadin (Pfizer, Groton, CT). I-ABA and I-ABOPX (also known as 
BW-A522) were from Dr. Susan Daluge (Glaxo-Wellcome, Research 
Triangle Park, NC). WRC-0571 [C®-(Ar-methylisopropyl)-amino-A^- 
(5'-endohydroxy)-endonorboman-2-yl-9-methyladeninel was from 
Dr. Pauline Martin (Discovery Therapeutics, Richmond, VA). 
APNEA was from Dr. Ray Olsson (University of South Florida, 
Tampa, FL). RDC7 (dog A^ adenosine receptor cDNA) was from Dr. 
Guy Vassart (Brussels, Belgium), Rat A3 adenosine receptor cDNA 
was from Dr. Fereydoun Sajjadi (Gensia, La Jolla, OA). Human A3 
adenosine receptor cDNA was from Dr. Marlene Jacobson (Merck, 
West Point, PA). Rabbit A3 adenosine receptor cDNA was from Dr, 
Scott Kennedy (Pfizer, Groton, CT). HMC-1 mast cells were from Dr. 
J. H. Butterfiled (Mayo Clinic, Rochester, MN). NECA, CGS 21680 
(2-[4-(2-carboxyethyl)phenethylamino]-5'-iV-ethylcarboxamidoad- 
enosine), (/?)-PIA, CPA, CPX, XAC, 8-SPT, theophyUine, and enpro- 
fylline were purchased from Research Biochemicals (Natick, MA). Ro 
20-1724 [4-(3-butoxy-4-methoxyben2yl)-2-imidazolidinone] was 
from BIOMOL Research Laboratories (Plymouth Meeting, PA). 
Adenosine deaminase was from Boehringer-Mannheim Biochemicals 
(Indianapolis, IN). Fura-2/AM was from Molecular Probes (Eugene, 
OR). myo-pH] Inositol was from Amersham Life Sciences (Arlington 
Heights, IL). Dow ex AG 1- X8 was from BioRad (Richmond, CA). 
[^^^IIABA was synthesized as described previously (15). Cell culture 
media and supplies were from GIBCO BRL (Gaithersburg, MD). 

Cell culture. COS-7 cells were grown in DMEM with 10% fetal 
calf serum, 100 units/ml penicillin, and 100 ^g/ml streptomycin. 
Canine BR mastocytoma cells were grown in low-glucose DMEM 
supplemented with 2% calf serum, 25 mM HEPES, 1.5 mM /-histi- 
dine, 100 imits/ml penicillin G, and 100 ^g/ml streptomycin. The 
medium was changed every 3 days, and the cells were replated 
weekly. 

Molecular cloning. To obtain the full-length sequence of the 
canine A3 adenosine receptor cDNA, a library prepared in AgtlO from 
BR cell poly(A)"^ RNA was screened using a probe generated by 
RT-PCR of total RNA isolated from dog tissues using the cDNA cycle 
kit (InVitrogen, La Jolla, CA). Primers for amplification were primer 
A (sense 132-152), 5'-GACCACCACCTTCTATTTCA-3'; and primer 
B (antisense 660-680), 5'-GTCTTGAACTCCCGA/TCC-3'. The prim- 
ers correspond to conserved regions within the first and third intra- 
cellular loops of the human, sheep, and rat A3 adenosine receptor 
cDNAs. Each reaction cycle consisted of incubations at 95* for 1 min, 
55° for 2 min, and 72° for 3 min with 0.02 unit/ml of Tag polymerase 



(Promega, Madison, WI). PCR fragments were subcloned into the TA 
vector (InVitrogen) and sequenced with Sequenase (United States 
Biochemical, Cleveland, OH) using modifications for double- 
stranded sequencing. One fragment from Itmg RNA was found to be 
—90% identical to the human, rat, and sheep A3 receptor transcripts. 
This probe was labeled with [a-^^PJdCTP (Primit II; Stratagene, La 
Jolla, CA) and used to screen the BR cell cDNA library. Library 
screening was carried out by plaque-filter hybridization. Filters were 
hybridized at 65° overnight in 10% dextran sulfate, 1 M NaCl, 100 
^g/ml herring sperm DNA, and 1 x 10^ cpm/ml radiolabeled probe 
and then washed in 0.5x SSC/0.5% SDS at 65°. Recombinants hy- 
bridizing to the probe were plaque-purified and reprobed. Recombi- 
nant phage DNA isolated by the plaque lysate method were digested 
with EcoRl and electrophoresed through a 1% agarose gel to deter- 
mine the insert sizes. Several clones were identified ranging in size 
from 0,9 to 3 kb. One clone CCA3I3.I), which was 1.6 kb long, was 
subcloned into the EcoRl site of the plasmid vector pGEM-7z(-) 
(Promega). Double-stranded DNA was isolated, and both strands 
were sequenced in full, first by using T7 and Sp6 primers to get 
nucleotide sequence information near the 5' termini, and then with 
a series of synthetic oligonucleotide primers derived from sequences 
determined previously. 

Radioligand binding studies. Membranes were prepared from 
COS-7 cells expressing the canine A3 receptor (CA3I3.I) or the canine 
Aj receptor CRDC7); HEK 293 cells stably expressing human, rabbit 
or rat A3 adenosine receptors; or canine BR cells. The full coding 
region of the receptor cDNAs were subcloned into the expression 
vector CLDNIOB and transiently expressed (60 hr) in COS cells by 
the DEAE-dextran method (16) or stably expressed in HEK 293 cells 
after transfection by the Ca^"^ phosphate precipitation method (17) 
and selection in 2 mg/ml G-418. Transfected cells were washed in 
phosphate-buffered saline; homogenized in 10 mM EDTA, 10 mM 
Na-HEPES, pH 7.4, and 0.1 mM benzamidine; and centrifuged at 
20,000 X g for 20 min. Pellets were resuspended and washed in 10 
mM Na-HEPES, 1 mM EDTA, pH 7.4, and 0.1 mM benzamidine (HE 
buffer) and resuspended in the same buffer with 10% (w/v) sucrose 
(sucrose buffer) at a membrane protein concentration of 1 mg/ml. 
Because [^^^IIABA bound poorly to crude BR cell membranes, plasma 
membranes were enriched by preparing P2 pellets. Cells were ho- 
mogenized in sucrose buffer and centrifuged at 500 X g for 10 min. 
The pellet was resuspended in sucrose buffer and centrifuged again 
at 500 X g. The pooled supematants were diluted 3-fold, pelleted, 
and washed twice by centrifugation at 20,000 X g for 20 min in HE 
buffer; resuspended; and frozen in sucrose buffer. Protein concentra- 
tions were determined using fluorescamine with BSA as standard. 
Membranes were frozen in aliquots and stored at -80°. For radioli- 
gand binding studies, cell membranes were incubated in 0.1 ml for 3 
hr at 21° with 5 mM MgCl2 and 5 units/ml adenosine deaminase. For 
equilibrium binding assays, 6-8 concentrations of [^^^I]ABA were 
used in triplicate in tubes, each containing 10-60 ^g of membrane 
protein, and the specific activity of [^^®I]ABA was reduced 10-20-fold 
with the nonradioactive compound. Nonspecific binding was mea- 
sured in the presence of 5 ^lm I-ABA. [^^^IJABA was found to have a 
higher ratio of specific to nonspecific binding than an alternative 
radioligand, [^^^IIAB-MECA. For competition experiments, 0,5—1 nM 
[^^^IJABA was added to tubes, and competing ligands were added 
over a range of concentrations; the tubes contained 10-50 fig of 
membrane protein in a final volume of 0.1 ml. 

Analysis of binding data. Specific [^^^11 ABA binding to Ai aden- 
osine receptors was optimally fit to a single site binding model using 
Marquardt's nonlinear least-squares interpolation (18). [^^I]ABA 
was found to bind to two affinity states of the recombinant canine, 
human, and rat A3 receptors. For two-site Scatchard transformation, 
the relationship between bound/free and bound can be shown to be 
described by a quadratic equation: bound/free = A*X*X4->B*X4- 
C, where A = bound; X = K^^/K^z'^ B = K^^* X -\- K^z* X - B^^^ * 
- B^^ *Ka^;C=X*X- * X - B^^ * X. Optimal 

parameters for two-site Scatchard plots were generated by using the 
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binomial theorem to solve this equation within each iteration of 
nonlinear least-squares analysis. 

IC50 values of compounds in competition experiments were fit to 
SBi = Bi - (Hi - NS) [Il/dCsoi + [I]) where i is the number of binding 
sites, SB is specific binding, and NS is nonspecific binding. values 
were calculated firom IC50, Bmax» ^he concentration of [^^^I]ABA, and 
its value, as described previously (19). For A3 receptors, the 
determination of the Ki values of competing agonists for an agonist 
radioligand ([^^^I]ABA), is complicated by the fact that both the 
radioligand the competing compounds bind to two affinity states. 
This is described by four equations: LB - Smaxi * iL/KaOKl + L/Ka^ 
+ C/K,^) + B^^ * (L/K^^ya + L/K^r, + C/K,2) +f*L;CB^ B^^, 
* {C/K,^)/a + L/K^, + C/K,,) + B„^2 * iC/Ki^m + L/K^2 + C/K,^) + 
f*C;LT = L'^LB;CT=C + CB\ where LB is radioligand bound, 
CB is competitor bound, L is free radioligand, C is free competitor, 
and f is firaction of L or C nonspecifically bound (assumed to be 
equal). K^^j K^2i and the fraction of coupled receptors were derived 
firom equilibrium radioligand binding in the absence of competitor. 
The other parameters were determined by simultaneously solving 
these four equations by interpolation within each iteration of non- 
linear least-squares analysis. For the analysis of antagonist binding, 
and K^2 values were set to be equal based on the assumption that 
antagonists bind with similar affinities to G protein-coupled and 
-uncoupled receptors. 

Northern blots. Northern analysis and RT-PCR were used to 
determine the tissue distribution of A3 adenosine receptor transcript 
and to identify A2B, A^, and A3 receptor transcripts in BR cells. Total 
RNA was extracted and poly(A)"^ RNA was selected using oligo(dt) 
cellulose. Five micrograms of poly(A)'^ RNA was electrophoresed 
through 1% agarose gels containing 1% formaldehyde and then 
transferred to nylon membranes (Genescreen Plus; DuPont). The 
membranes were hybridized in 10% dextran sulfate, 1 M NaCl, and 
100 /xg/ml herring sperm DNA with 1 X 10^ cpm/ml random-labeled 
probe at 65*" overnight. Filters were washed with 0.5 X SSC/0.5% 
SDS at 65° and then exposed to Amersham Hjrperfilm MP for 24—48 
hr. The A3 receptor probe consisted of a 600 -bp PGR firagment of 
CA3I3.I, corresponding to approximately half of the carboxyl-termi- 
nal sequence and the 3' noncoding region. The Ajb receptor probe 
consisted of a 500-bp PGR fragment generated by RT-PCR from BR 
cell RNA corresponding to transmembrane regions I-IV. 

For RT-PCR, 1 /Ltg of poly(A)'*^ -selected RNA was reverse-tran- 
scribed and amplified using primers A and B described above. The 
reactions were electrophoresed and transferred to nylon membranes 
(Hybond N"^; Amersham) using denaturing buffer (0.4 N NaOH) and 
hybridized with specific probe. Filters were washed under stringent 
conditions (O.lx SSC/0.5% SDS at 65° for 1 hr). Control reactions 
were included in which RT or RNA was excluded from the reactions. 
Some of the PGR fi-agments were subcloned into the TA vector and 
partially sequenced. 

Mastocytoma cell degranulation. As an indicator of degranu- 
lation of BR cells, we measured the release of )3-hexosaminidase (a 
granule-associated protein that parallels histamine release) using a 
modification of the method of Schwartz et al. (20). BR cells grown in 
suspension were washed twice in Ca^"^/Mg^"^-fi:ee Tyrode's buffer 
and then resuspended in complete Tyrode^s at a density of 1.2 x 10® 
cells/ml. Cells were then transferred to a 96-well plate in 250-;xl 
aliquots and prewarmed to 37° for 15 min. Cells were stimulated 
with agonists added in 50-fi,l aliquots for 20 min at 37° with shaking. 
The reactions were stopped by placing the plate on ice for 10 min and 
then pelleting the cells by centrifugation at 200 x g for 10 min (4°). 
Two hundred microliters of the supernatant was removed and added 
to 50 jLil of 5 mM p-nitrophenyl-iV-acetyl-D-glucosaminide, and 100 
mM citric acid, pH 3,8, and incubated at 37° for 2 hr with shaking 
before the addition of 50 of 0.4 M NaCOg. Total cellular /3-hex- 
osaminidase was determined by adding 50 of lysis buffer (com- 
plete Tyrode's buffer plus 0.6% Triton A-lOO) to 250-^1 aliquots of 
cells, and 20 ftl was removed and assayed, Absorbance was read at 
405 nm using a Titertech Multiskan II plate reader. Experiments 



were performed in triplicate, and release of )3-hexosaminidase is 
expressed as percentage of the total content of unstimulated cells. 

cAMP, BR cells were washed twice and resuspended in serum- 
free low-glucose DMEM containing 25 mM HEPES, 1 unit/ml aden- 
osine deaminase, and 20 fiu Ro 20-1724 and then transferred to 
polypropylene test tubes (1 x 10^ cells/0.2 ml, 21°). Drugs were 
added in 50-^1 aliquots, and the tubes were placed in a 37° shaldng 
water bath for 20 min. Assays were terminated by the addition of 500 
ixl of 0.15 N HCl. cAMP in the acid extract (500 /llI) was acetylated 
and quantified by automated radioimmunoassay. 

Intracellular Ca^*. BR cells were loaded with 1 /xM Fura-2/AM 
in buffer containing 100 mM NaGl, 5 mM KCl, 1 mM MgS04, 1 mM 
KH2PO4, 25 mM NaHCOg, 0.5 mM CaClj, 2.7 g/liter D-glucose, 20 mM 
Na-HEPES, pH 7.4, and 0.25% BSA for 45 min. Cells were washed 
and resuspended in the same buffer without BSA, plus 1 unit/ml 
adenosine deaminase to a density of 1 X 10® cells/ml. Fluorescence 
was measured with an SLM spectrofluorimeter in a thermostable 
cuvette (37°). 

InsPs. BR cells were preincubated for 24 hr with 2.5 ptCi/ml 
myo-pH]inositol in inositol-firee low-glucose DMEM supplemented 
with 2% dialyzed fetal calf serum. The labeled cells were washed and 
resuspended in low-glucose DMEM with 25 mM HEPES, 1 unit/ml 
adenosine deaminase, and 100 mM LiCl and then transferred to 
polypropylene test tubes (4 X 10^ cells/0.2 ml) at 37° in a shaking 
water bath and stimulated by 5X agonists added in 50-jLtl aliquots for 
10 min. Assays were terminated by the addition of 400 stop 
solution (0.5 M HCLO4, 5 mM EDTA, and 1 mM diethylenetriamin- 
pentacetic acid) plus 1 mg/ml phytic acid and placed on ice for 30 min 
before the addition of 5 M K2CO3 to raise the pH to 8-9. After 
centrifugation, the supematants were passed through a 0.2-fxm fil- 
ter, applied to 1-ml Dowex AG 1-X8 columns (200—400 mesh), and 
washed with 5 ml of HgO and 5 ml of 40 mM HCl; then, InsPs was 
eluted with 5 ml of 170 mM HCl. 

Results 

Molecular cloning of the canine A3 adenosine recep- 
tor. The screening of a canine mastocytoma cDNA library 
with an A3 adenosine receptor probe generated by RT-PCR 
resulted in the identification of several positively hybridizing 
clones. A clone designated cAglS.l contains a 1.6-kb insert 
with an open reading frame corresponding to 314 amino acids 
and 181 and 480 bp of 5' and 3' untranslated sequence, 
respectively (Fig. 1). A hydrophilicity plot of the deduced 
amino acid sequence predicts seven transmembrane do- 
mains, which are indicated in Fig. 2 A. Sites found to be 
conserved within all species of A3 adenosine receptors cloned 
to date include a putative palmitoylation site at Cys305 of the 
consensus sequence and two putative iV-linked glycosylation 
sites at Asn4 and Asnl62. Several putative phosphorylation 
sites are conserved among the A3 adenosine receptors, in- 
cluding four potential sites for phosphorylation by protein 
kinase C (Thrl24, Thrl25, Ser/Thr215, and Thr230); one 
potential site for phosphorylation by tyrosine kinases 
(Tyrl20); and one potential site for phosphorylation by 
cAMP/cGMP-dependent protein kinases (Thr294). The car- 
boxyl tail distal to the palmitoylation site contains several 
serine/threonine residues that are surrounded by acidic 
groups that may be sites for phosphorylation by G protein 
receptor kinases. 

The deduced amino acid sequence of cAglS.l is 88%, 86%, 
72%, and 77% identical to the human, sheep, rat, and rabbit 
receptors (Fig. 2B), respectively, and 52% and 47% identical 
to canine Aj and A2A receptors, suggesting that CA3I3.I is the 
canine species homolog of the A3 adenosine receptor. Be- 
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1 cgggaggctctccaagggagcgtcccaccagagaagagaaggaatgagcaagttgtgaat 60 

61 ttgggaccgttgctgttgcacctgaacctctagcgagatgcctggcaagagctaggctca 120 
121 ccgggccacacggatcctgtcagcacgcctattacttgggaagctccttggagaaagcaa 180 

MAVNGTALLLANVTYITVE I 
181 gatggctgtcaatggcactgccctgttgttggccaatgtcacctacatcacagtggagat 240 

10 

LIGLCAIVGNVLVIWVVKLN 
241 tctcatcgggctctgcgccatcgtgggcaatgtgttggtcatctgggtggtcaagctgaa 300 

30 

PSLQTTTFYFIV .SLALADIA 
301 ccccagcctacagaccaccaccttctatttcattgtctccctggcccttgctgacattgc 360 

50 

VGVLVMPLAIVISLGITIQF 
361 cgttggggtgctggtcatgcctttggccattgtcatcagcctgggcatcacaatccaatt 420 

70 

YNCLFMTCLLLIFTHASIMS 
421 ttataactgccttttcatgacctgcctgctgttgatcttcactcatgcttccatcatgtc 480 

90 

LLAIAVDRYLRVKLTVRYRR 
481 cctgctagccattgctgtggaccggtacctgcgggtcaagctcacagtcagatacaggag 540 

110 

VTTQRRIWLAL6LCWLVSFL 
541 ggtcaccacacaaagaagaatatggttggccctggggctttgctggctggtgtccttcct 600 

130 

VGLTPMF6WNMKLTSEHQRN 
601 ggtgggactgacccccatgttt:ggct:ggaacatgaaactgacctcagagcaccagagaaa 660 

150 

VTFLSCQFSSVMRMDYMVYF 
661 tgtcaccttcctctcgtgccagttcagttctgtcatgaggatggactacatggtctactt 720 

170 

SFFTWILIPLVVMCAIYLDI 
721 cagcttcttcacttggatcttaatccccctggttgtcatgtgtgccatctatcttgacat 780 

190 

FYVIRNKLNQNFSSSKETGA 
781 attctatgtcatccggaacaaactcaatcagaacttttcaagctccaaagagacaggtgc 840 

210 

FYGREFKTAKSLFLVLFLFA 
841 attttatggacgggagttcaagacggccaagtccctgtttctggttct:ctt:cctgtttgc 900 

230 

FSWLPLSIINCITYFHGEVP 
901 t1:tttcct.ggct:gcctttatctatcatcaactgtatcacgtactt:tcatggtgaggtgcc 960 

250 

QI ILYLGILLSHANSMMNPI 
961 acagatcatactgtatttgggcattctgctctcccatgctaactctatgatgaaccctat 1020 

270 

VYAYKIKKFKETYLLIFKTY 
1021 tgtctatgcttataaaataaagaagttcaaggaaacctatcttttgatcttcaagaccta 1080 

290 

MICQSSDSLDSSTE* 
1081 tatgatctgccagtcctctgattctttggactcaagcactgagtagacttctgagtagtt 1140 

310 

1141 gtccttgaaagatgattcttcacccccattaacctccagattcaacatcagtaaacactt 1200 
1201 gaggacctatttgcctgagccaagggctttcacatccttaatttcttctactgaggtggg 1260 
1261 gagcatttgactggttgcctccaattgtatctcccctaacacccttcctgtaatccaatt 1320 
1321 attttcttgtccttcttctctgattcactgttctggatgtctgacttgaggaaaatgtcc 1380 
1381 t:gctgtt.actactgtt:tgtgttcctccttcccaagcaagaggagaagttatggaatccga 1440 
1441 aggaggcc ttg t tgac tcagagatgaaaagtcccag tcctgcgggacatgagtgtgg tgg 1500 
1501 cgactctgttccactccattgcagaatcacaccaagaaacctaccccagcagatgtcagg 1560 
1561 gagatggtaggaacagtgtcacaaagggagacttaaactgctg 1603 



Fig. 1. Nucleotide and amino acid sequences of CA3I3.I, the canine A3 adenosine receptor. The sequence has been deposited in GenBank 
(accession no. U54792). 
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Fig. 2. Deduced amino acid se- 
quence of CA3I3.I, the canine A3 
adenosine receptor. A, Alignment 
with human, sheep, rat, and rabbit A3 
adenosine receptor sequences. Solid 
lines, putative transmembrane {TM) 
domains with numbered designations 
(l-VII). Dashes, sequence gaps. Sites 
conserved among all species for pos- 
sible N-linked glycosylation (g/yc); 
phosphorylation by protein kinase C 
(PKC), cAMP-dependent protein ki- 
nase {cAMP), tyrosine kinases {tyr), 
and palmitoylation {palm) are desig- 
nated. B, Dendogram illustrating spe- 
cies and subtype sequence differ- 
ences among adenosine receptors. 
Distance along the horizontal axis is 
proportional to divergence of the 
amino acid sequences. 



Dog_A3 
Human_A3 



Sheep_A3 



Rabbit_A3 



Rat_A3 



Mast Cell Adenosine Receptors 851 



tween species, the greatest degree of homology lies within the 
transmembrane domains, and the least lies within the car- 
boxyl tail. Of the five species of A3 adenosine receptors cloned 
to date, the human receptor amino acid sequence is most 
similar to the canine and least similar to the rat. We noted 
previously that the hioman and rat A3 adenosine receptors 
are unusually divergent for species homologs (12). In con- 
trast, canine and human A3 adenosine receptors show a 
degree of amino acid sequence homology that is similar to 
species differences among the other adenosine receptor sub- 
types (Fig. 2B). 

Tissue distribution of A3 mRNA. Northern blots prob- 
ing for CA3I3.I transcripts in several different canine tissues 
revealed two hybridizing bands of 1.9 and 2.7 kb (Fig. 3). 
Transcripts were most abundantly expressed in spleen, but 
high levels also were detected in lung and liver. Two major 
hybridizing bands were also observed in testes, but the sizes 
were 1.3 and 2.4 kb. Transcripts were not detected in heart or 
kidney by Northern analysis. Using the sensitive technique 
of RT-PCR, trace transcripts were observed in all six tissues 
studied (data not show). Transcripts for A^, A3, and Ags 
adenosine receptors were detected by Northern blotting of 
BR cell poly(A)'^ mRNA (data not shown). The size of the A3 




Fig. 3. Tissue localization of the canine A3 adenosine receptor tran- 
script. Northern blots of poly(A)^ RNA (5 ^g/lane) from six different dog 
tissues using a probe corresponding to the carboxyl-tenminal tail and 3' 
untranslated region of CA3I3.I. The same blot was stripped and re- 
probed for glyceraldehyde-3-phosphate dehydrogenase transcript 
(G3PDH). RNA size markers are indicated. 



transcripts, 1.9 and 2.7 kb, is the same as in dog spleen, lung, 
and liver. The AgB transcript sizes are 1.6 and 1.8 kb and 
correspond to transcript sizes noted previously for AgB recep- 
tor transcripts in mouse bone marrow-derived mast cells 
(21). 

Pharmacological characterization of canine A3 
adenosine receptors. Binding of [^^^I]ABA was measured 
to membranes prepared from COS- 7 cells transfected with 
CA3I3.I (Fig. 4). Specific binding was absent in untransfected 
cells and was abolished by 1 jlcm nonradioactive I-ABA. N- 
Ethylmaleimide has been reported to alkylate G proteins in 
the Gi/o family and cause them to become uncoupled from 
receptors. GTP-yS and iV-ethylmaleimide both reduced spe- 
cific binding of [^^^I] ABA to canine A3 adenosine receptors by 
-^60%, indicating that the radioligand is an agonist and that 
G^/Gq proteins couple to the A3 receptor (Fig. 4A). In equilib- 
rium binding studies, [^^^I]ABA specific binding was consis- 
tently found to fit significantly (p < 0.01) better to a two-site 
than to a one-site model (22). The respective high and low 
affinity values of ['^^IIABA are 0.53 ± 0.13 and 16.4 ± 0.8 
nM, and B^^ values are 250 ± 9 and 768 ± 123 fmol/mg of 
membrane protein. In the presence of 50 /iM GTP7S, 
[^^^I]ABA binds only to the low affinity site, with a value 
of 17.4 ± 0.1 nM and a B^^ value of 768 ± 123.0 fmol/mg of 
total protein. The conversion of receptors from two affinity 
states to a single low affinity state on the addition of GTPyS 
is most clearly illustrated by Scatchard analysis (Fig. 4C). 
These results suggest that the high affinity site reflects bind- 
ing to G protein-coupled receptors and the low affinity site 
reflects binding to imcoupled receptors. A similar analysis 
indicates that [^^^I]ABA also binds to two affinity states of 
recombinant rabbit A3 adenosine receptors with Kj^ values of 
1.2 and 34 nM (not shown). In contrast, in filtration assays, 
[^^^I]ABA detects only the high affinity state of canine Aj 
receptors transiently expressed in COS-7 cells {K^ = 2.67 ± 
0.50 nM, B^ax = 1275 ± 52 fmol/mg protein; Fig. 5), and 
specific binding is almost completely abolished by the addi- 
tion of GTPyS (data not shown). 

We next compared the binding properties of recombinant 
canine A^ and A3 adenosine receptors. Fig. 6 shows the 
results of competition binding studies with compounds found 
to be the most A3 selective, IB-MECA and I-ABOPX, and 
those most A^ selective, CPA and WRC-0571. values of 
these and other compounds are summarized in Tables 1 and 
2. These tables also summarize the relative affinities of com- 
peting compoimds for canine A^ and A3 receptors. For the A3 
receptor subtype, two dissociation constants for agonists and 
single dissociation constants for antagonists were calculated 
as described in Experimental Procedures. The potency order 
of agonists for canine A3 receptors was IB-MECA ^ 
[i^^HABA > PIA > APNEA > CPA > NECA > CGS 21680. 
IB-MECA is 58-fold selective for the A3 over the A^ adenosine 
receptor (high affinity sites), and WRC-0571 and CPA are 36- 
and 12-fold selective, respectively, for the over the A3 
receptor. The canine A3 adenosine receptor binds antagonists 
with the potency order of I-ABOPX > CPX > XAC > BWA 
1433 > WRC 0571 > 8-SPT (Table 2). Theophylline and 
enprofylline bind very weakly to canine A3 adenosine recep- 
tors; a 100 /xM concentration of these compounds reduces 
specific binding by only —40%. I-ABOPX is 16-fold selective 
for canine A3 over A^ adenosine receptors. 

Table 3 shows a comparison of the binding affinities of four 
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Fig. 4. Radioligand binding to recombinant canine A3 adenosine re- 
ceptors. A, Inhibition of f ^^l]ABA (1.4 nw) binding to COS-7 cell mem- 
branes expressing CA3I3.I by unradiolabeled l-ABA, GTPyS, and W- 
ethylmaleimide. B, Equilibrium specific and nonspecific {NS) binding of 
P^^I]ABA to transfected COS-7 cell membranes in the presence and 
absence of GTP7S. C, Scatchard transformation of the specific binding 
data shown in B. For B and C, control data were fit optimally to two-site 
equations as described in Experimental Procedures. Values are 
mean ± standard error of triplicate determinations (25 ;ig of membrane 
protein/tube); where omitted, standard enror bars are smaller than the 
symbols. The results are typical of three experiments. Binding param- 
eters are summarized in Table 1 . 

xanthines with those of recombinant human, canine, rabbit, 
and rat A3 receptors and confirms that there are marked 
species differences in the binding affinities of xanthine an- 
tagonists. Of the four xanthines examined, the average ratio 
of binding affinities is 9.6 (canine/human), 5.0 (rabbit/hu- 



2500 




yj^ , , , 1 

0 5 10 15 20 

Free ^^^l-ABA (nM) 

Fig. 5. Radioligand binding to recombinant canine A^ adenosine re- 
ceptors (RDC7). Equilibrium specific (•) and nonspecific binding (O) 
binding of C^^ljABA to transfected COS-7 cell membranes is plotted. 
Inset, Scatchard transformation of the specific binding. Values are 
mean ± standard error of triplicate determinations (10 fig of membrane 
protein/tube); where omitted, standard error bars are smaller than the 
symbols. The results are typical of three experiments. Binding param- 
eters are summarized in Table 1. 

man), and 212 (rat/human). The canine A3 receptor binds 
CPX with higher affinity than any of the other species exam- 
ined. 

[^^^I]ABA binding to canine BR mastocytoma cell 
membranes. Because both Aj and A3 adenosine receptor 
transcripts were detected in canine BR cells, we next deter- 
mined whether [^^^I]ABA binding to Aj and/or A3 receptors 
could be detected in membranes prepared from these cells. 
Little specific binding could be detected to crude membranes, 
but the binding of 0.4 nM radioligand to an enriched P2 
membrane preparation was 80% specific (Fig. 7). Of the 
[^^^I] ABA binding site on BR cell membranes, 24 ± 3% (three 
experiments) bind WRC-0571 with low affinity (IC50 = 22 ± 
9 ^m) characteristic of A3 receptors; the remainder bind 
WRC-0571 with high affinity (IC50 - 114 ± 38 nM) charac- 
teristic of Ai receptors (Fig. 7, Table 2). When added at 0.4 
nM, [^^^I]ABA labeled only 2.4 fmol/mg of protein of A3 re- 
ceptors in the P2 membranes of BR cells, suggesting the 
density of A3 receptors on BR cells is low. 

Characterization of the adenosine receptor that 
causes degranulation of canine mastocytoma cells. 
Adenosine agonists have been shown to enhance A23187 
(calcimycin)-stimulated degranulation of several types of 
mast cells, including murine bone marrow-derived mast 
cells, human lung mast cells, RBL-2H3 cells, and rat perito- 
neal mast cells (23, 24). Fig. 8 shows the effect of increasing 
concentrations of Ca^**" ionophore to elicit jS-hexosaminidase 
release from BR cells when administered alone or in combi- 
nation with the nonselective adenosine receptor agonist 
NEC A (10 /xm). When administered alone, A23187 evokes a 
maximal release of ^15.6% of the total cellular content after 
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Fig. 6. Compjetition for [^^^IJABA 
binding to COS-7 cell mem- 
branes derived from cells 
transfected with canine A3 or 
Ai adenosine receptors. Bind- 
ing is plotted as the fraction 
of control specific binding 
(>90% of total binding). Val- 
ues are mean ± standard error 
of triplicate determinations 
from three experiments. Pro- 
tein, 25 /ig/tube (A3) or 10 jitg/ 
tube (A,), p^^ljABA, 150,000- 
300,000 cpm/tube (0.4-0.8 
nw). The binding of P^sij^ba 
and competing ligands was fit 
to one or two binding sites as 
described in Experimental Pro- 
cedures. 



20 min of stimulation. NECA (10 /xm) alone also stimulates 
j3-hexosaminidase release (5.81 ± 0.59%), and costimulation 
with NECA and A23187 increases j3-hexosaminidase release 
to 28.2 ± 1.8%. NECA decreases the EC50 for A23187 from 
0.32 ± 0.06 to 0.13 ± 0.08 ^lu. 

We next conducted experiments to determine whether 
NECA acts at receptor sites on the cell surface or at intra- 
cellular sites. To test the possibility that NECA may gain 
access into BR cells via facilitated uptake and influence the 
degranulation response via an intracellular mechanism, BR 
cells were preincubated for 15 min with NBTI (1 /im), an 
inhibitor of nucleoside transport. As shown in Fig. 8B, NBTI 
did not influence the concentration response of NECA to 
stimulate /3-hexosaminidase release. As additional evidence 
that NECA acts at cell surface adenosine receptors, we added 
XAC, a nonselective antagonist of all subtypes of canine 
adenosine receptors, including A3 (see Table 2). XAC com- 
pletely abolished the stimulatory effect of NECA (Fig. 8B). 
Additional experiments were performed with NBTI and XAC 
during costimulation with a combination of A23187 and 
NECA. As in the absence of A23187, NBTI had no effect, and 
XAC abolished NECA-mediated degranulation responses 
(data not shown). 

Pertussis toxin blocks the inhibition of cAMP accumulation 
in CHO-Kl cells that is mediated by recombinant rat A3 
adenosine receptors (2). Pertussis intoxication of rats also 
reduces a putative A3 adenosine receptor-mediated hypoten- 
sive response (25). These data suggest that A3 adenosine 
receptors functionally couple to GJG^ proteins; therefore, we 
examined the effect of pretreating BR cells with pertussis 
toxin on the ability of NECA to stimulate degranulation (Fig. 
9). For these experiments, BR cells were cultured in serum- 



free medium with 0.3 or 1 /xg/ml of pertussis toxin for 24 hr.^ 
We found that cells cultured in serum-free medium released 
a greater amount of |3-hexosaminidase in response to 1 /llm 
A23187 (—25-35% without serum versus --15% with serum). 
Pretreatment of cells with either concentration of pertussis 
toxin did not prevent NECA-stimulated degranulation. 
These data suggest that neither Aj nor A3 adenosine recep- 
tors are solely responsible for adenosine-mediated degranu- 
lation of BR cells. 

We next determined the potency order of various adenosine 
an£dogs to stimulate /3-hexosaminidase release from BR cells. 
In addition to NECA, we examined (i?)-PIA (A^ selective), 
CGS 21680 (A2A selective), and IB-MECA (A3 selective). Ex- 
periments were performed in the presence or absence of 1 /utM 
A23187 (results are illustrated in Fig. 10 and summarized in 
Table 4). The potency order of agonists to stimulate canine 
mast cell degranulation, NECA > PIA > CGS-21680 > IB- 
MECA, differs from the potency order of these compounds for 
binding to canine A3 adenosine receptors, IB-MECA > PIA > 
NECA > CGS-21680. IB-MECA has very little stimulatory 
effect on BR cell degranulation and, when added at 10 /iM, 
IB-MECA inhibits degranulation. 

The observed potency order for adenosine analogs to stim- 
ulate BR mast degranulation is similar to the potency order 
reported by Brackett and Daly (26) for activating A2B recep- 
tors on NIH 3T3 fibroblasts and the potency order for binding 
to recombinant human AgB receptors (27). Furthermore, AgB 
receptors in general have low affinity for agonists, similar to 
their low affinity for stimulating degranulation of BR cells 



^ Serum-free medium was used to avoid the potential for neutralization of 
pertussis toxin by anti-toxin antibodies that exist within some lots of serum. 
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TABLE 1 

Dissociation constants of agonists for the canine A3 (CA3 13.1) and A^ adenosine receptors determined in binding assays 
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S-lodobenzyl 


Methyicarboxamido 


H 


0.53 


± 0.13 


89.5 ± 41.3 


30.6 ± 2.10 


57.7 


l-ABA 


3-lodo-4-aminobenzyl 


HO-CH2 


H 


0.71 


± 0.09* 


16.4 ± 0.80^ 


2.67 ± 0.50 


3.76 


APNEA 


4-Aminophenylethyl 


HO-CH2 


H 


8.10 


± 0.13 


250 ± 72 


13.9 ±2.12 


1,72 


(fl)PlA 


Phenylisopropyl 


HO-CH2 
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472 ± 36 


2.31 ± 0.10 


1.17 


NECA 
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Ethylcarboxamido 
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34.3 


± 4.9 


10,300 ± 4,060 


2.92 ± 0.30 


11.8 


CPA 


Cyclopentyl 


HO-CH2 


H 


21.9 


± 4.2 


3,840 ± 1,240 


1.82 ± 0.39 


12.0 


CGS 21680 
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Ethylcarboxamido 


(4-Carboxyethyl)- 
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± 16 
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Ki values (nM ± standard enror of three to six experiments) obtained from competition experiments using p^^lJABA as the radioligand; K,^ and K/g. dissociation 
constant for the high and low affinity sites for the A3 receptor, respectively; * Kq values for [^^^IJABA determined in equilibrium binding assays; * ratio of the K,, values 
for the A3 receptor and value for the A^ receptor. The procedures for deriving K/i and K,z described in the text. 
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(Table 4). Because receptor transcript is found in BR 
cells, we postulated that adenosine receptors are ex- 
pressed on BR cells and, when activated, stimulate degran- 
ulation. To test this hypothesis, we investigated the effects of 
enprofylline, which we recently identified as a selective an- 
tagonist of recombinant human receptors (27). Concen- 
tration-response curves for degranulation in response to 
NECA were generated in the presence of 10, 50, and 250 yM 
enprofylline. As shown in Fig. IIA, increasing concentrations 
of enprofylline produced parallel rightward shifts of the con- 
centration-response curves for ^-hexosaminidase release. 
Schild regression analysis revealed a slope close to unity 
(1.12 ± 0.45), suggesting that enprofylline acts as a compet- 
itive antagonist at a single receptor subtype. The Kj^ value of 
enprofylline was estimated to be 7.8 ± 3.3 yM. This value is 
almost identical to the Kj value of enprofylline for binding to 
human AgB receptors and is well below the Kj value of en- 
profylline for canine Aj or A3 receptors. Interestingly, the 
value of enprofylline for A2B receptors lies within the thera- 
peutic range of this compound as an antiasthmatic therapeu- 
tic agent (28). Because enprofylline also inhibits cAMP phos- 
phodiesterase, we evaluated the effects of another 
phosphodiesterase inhibitor, Ro 20-1724, on NECA-induced 
)3-hexosaminidase release. Ro 20-1724 is a nonxanthine that 
does not bind to adenosine receptors. As shown in Fig. IIB, 
Ro 20-1724 has no effect on NECA-induced degranulation. 
The data are consistent with the possibility that enprofylline 
blocks BR cell degranulation by binding to A2B adenosine 
receptors. 



Second messenger responses evoked by A^b receptor 
activation in canine mastocytoma cells. We next mea- 
sured second messenger responses to adenosine receptor ac- 
tivation in BR cells. Unlike A3 adenosine receptors, which are 
inhibitory to adenylyl cyclase, AgB adenosine receptors stim- 
ulate adenylyl cyclase (26). We measm*ed changes in intra- 
cellular levels of cAMP, Ca^"*", and InsP3 in response to 
NECA, CGS 21680, and IB-MECA. As shown in Fig. 12, 
NECA, but not CGS 21680 or IB-MECA, produces a concen- 
tration-dependent increase in intracellular levels of cAMP. 
The absence of cAMP accumulation in response to CGS- 
21680 indicates that accumulation of the cyclic nucleotide in 
response to NECA is not mediated by A2A adenosine recep- 
tors. The calculated EC50 for NECA to increase cAMP in BR 
cells is 0.9 ± 0.2 yM, which is similar to the EC50 value for 
NECA to stimulate j3-hexosaminidase release (0.6 ± 0.3 ptM), 
suggesting that both responses are mediated by the same 
receptor subtype. NECA (1 /ulm) also increased intracellular 
levels of Ca^"** and InsP3, whereas 1 ptM CGS -21680 or 1 yM 
IB-MECA had little effect (Fig. 12). Small responses to CGS 
21680 and IB-MECA to influence cAMP, Ca^"^, or InsPg sug- 
gest that selective activation of AgA or A3 receptors has little 
effect on cAMP or Ca^"^ signaling in canine BR mastocytoma 
cells. 

Enprofylline competitively antagonized the increases in 
intracellular levels of cAMP and Ca^"^ produced by NECA 
(Fig. 13). By Schild regression analysis (slope = 0.81 ± 0.15), 
the Kj^ value of enprofylline was estimated to be 4.7 ± 3.2 jlim 
from the cAMP response and 15 yM from the Ca^"*" response, 
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TABLE 2 

Dissociation constants of antagonists for the canine A3 (CA3 13.1) and canine A^ adenosine receptors determined in binding assays 

All staiclures except WRC-0571 are xanthines. 



Xanthine 



A,/A3 A3/A1 



l-ABOPX 


Propyl 3-lodo-4-aminobenzyl 


Phenyl-oxyacetate 


nM 

37.5 ± 11 


601 ±99 16.0 




XAC 


Propyl Propyl 


Phenyl-(2-aminoethyl)aminocarbonylmethyloxy 


138 ± 22 


159 ±12 1.2 




8-SPT 


Methyl Methyl 


Phenyl-sulfol 


25,300 ± 4,200 


6,460 ± 590 


3.9 


CPX 


Propyl Propyl 


Cyclopentyl 


115 ± 10 


11.4 ± 2.1 


10.1 


BW-A1433 


Propyl Propyl 


Phenyl-acrylate 


1,880 ± 190 


132 ± 11 


14.2 


WRC-0571 


(Nonxanthine) 




17,200 ± 2,100 


484 ± 41 


35.4 


Theophylline 


Methyl Methyl 


H 


> 100,000 






Enprofylline 


H Propyl 


H 


> 100,000 


>1 00,000 





K, values obtained from competition experiments using f ^^IJABA as the radioligand; all values are reported as mean ± standard en-or of three to six experiments. 




HO 




Xanthines 

TABLE 3 

Species differences in the binding of xanthines to A3 adenosine receptors 



WRC-0571 

















K, ratio (other species/human) 






Human 


Canine 




Rabbit 


Rat 


Canine 


Rabbit 


Rat 


l-ABOPX 
BW-A1433 
XAC 
CPX 


18 
55 
71 
509 


37.5 
1,880 
138 
115 


OM 


179 
384 
106 
708 


1,500 
15,000 
29.000 
43,000 


2.1 
34 
1.9 
0.23 


9.9 
7.0 
1.5 
1.4 


83 
272 
408 

84 



Kf values were obtained from competition experiments using recombinant receptors from the indicated species with [^^^l]ABA as the radioligand for three to six 
experiments. In all cases, the standard error was <30% of the mean. 



values similar to the Kj^ value estimated for enprofylline to 
inhibit NECA-stimulated )3-hexosaminidase release (7.8 /lim). 
These results suggest that receptors in BR cells are 
positively coupled to adenylyl cyclase and phospholipase C. 



Discussion 

We cloned and characterized a canine A3 adenosine recep- 
tor cDNA designated cAglB.l from canine BR mastocytoma 
cells. The clone is homologous to A3 receptors cloned from 
other species. Transcripts for Aj and A2B adenosine receptors 
also were detected in BR cells, and evidence of Aj, A2B, and 
A3 receptor expression was foimd on the basis of radioligand 
binding or functional assays. The AgB receptor predominates 
in the regulation of BR cell degranulation, as discussed in 
detail below. 



The tissue distribution of A3 adenosine receptor transcript 
in dog is similar to the human distribution (3), with highest 
levels expressed in spleen, followed by lung and liver. The 
tissue distribution is different from rat, in which transcript is 
much more abundant in testes than in other tissues (1). In 
terms of sequence homology and pharmacology, the canine 
A3 adenosine receptor is more similar to the human than to 
the rat A3 receptor. 

The results of radioligand binding assays with the A1/A3 
agonist [^^^I]ABA indicate that the canine A3 adenosine recep- 
tor binds to both G protein-coupled and -xmcoupled receptors 
with Kj^ values that differ by 30-fold. The potency order of 
agonists for the A3 receptor, IB-MECA > R-PIA > NECA > 
CPA, is consistent among species. In aU species, IB-MECA and 
CPA are A3 and Aj selective, respectively. Specific binding of 
[^^^I]ABA to the imcoupled conformation of the canine A3 aden- 
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UJ — , , 1 1 , 1 , 1 — 

-11 -10 -9-8-7-6-5-4 

[WRC-0571], logM 

Fig. 7. Competition by WRC-0571 for p^^l]ABA binding to enriched 
plasma membranes derived from BR cells. P2 membranes were pre- 
pared as described in Radioligand Binding Studies. Binding was de- 
temnined in triplicate to membranes containing 156,000 cpm (0.4 dm) 
P^^IJABA, 60 ^g of P2 membrane protein, and various concentrations 
of WRC-0571. Nonspecific binding (10 /im I-ABA) is 846 ± 18 cpm 
(dashed line). Standard error bars are smaller than the symbols. The 
data were fit to a two-site model probably reflecting WRC-0571 binding 
to Ai and A3 adenosine receptors. Binding parameters from triplicate 
experiments are summarized in the text. 

osine receptor distinguishes the canine A3 receptor from the 
uncoupled canine receptor, which has too low affinity for 
[^^^HABA binding to be detected in filtration assays. However, 
[^^^UABA binds with 10 times higher affinity to bovine than to 
canine Aj receptors, and the radioligand can detect two affinity 
states of the bovine Aj adenosine receptor IK^ - 0.09 and 10.4 
nM (29)]. The detection in filtration assays of two affinity states 
of A3 receptors complicates the analysis of competition binding 
assays becaiise the radioligand binds with two affinities and 
competing agonists and antagonists bind with two or one affin- 
ities, respectively. To calculate the Ki values of competing com- 
poimds required the derivation of nonstandard analytical pro- 
cedures (see Analysis of Binding Data), As summarized in Table 
1, I-ABA and IB-MECA both bind with high affinity (Kj^ <lrm) 
to the G protein-coupled conformation of canine A3 receptors. 
Failure to analytically resolve the two agonist affinity states in 
radioligand binding assays will result in underestimation of 
high affinity agonist dissociation constants as well as errors in 
the calculation of the dissociation constants of competing com- 
pounds based on the Cheng and Prusoff formula (30). It is 
notable that in the range of 0.1-1 ptM, compounds that often are 
used as selective agonists of A^ receptors (CPA) or AgA receptors 
(CGS-21680) also will bind to canine A3 receptors. Hence, cau- 
tion must be taken in attributing functional responses of these 
compoimds to particular adenosine receptor subtypes. 

This study confirms and extends the observation that there 
are substantial species differences in the binding of xan- 
thines to A3 adenosine receptors. The rat A3 adenosine re- 
ceptor, the first A3 adenosine receptor to be cloned, was 
originally reported not to bind xanthine antagonists (2). Sub- 




[NECA], log M 

Fig. 8. Stimulation of ^-hexosaminidase release from BR cells by 
A23187 and NECA. A, Cells (300,000/tube) were stimulated with in- 
creasing concentrations of A231 87 in the presence or absence of 1 0 
NECA for 20 min. j3-Hexosaminidase released into the supernatant was 
measured as described in Experimental Procedures. B, Effects on 
NECA-stimulated ^-hexosaminidase release of pretreatment of cells for 
15 min with NBTI (1 /im) or XAC (1 /xm). Data are pooled from three 
separate experiments, each assayed in triplicate. *, Different from 
control (p < 0.05). 

sequent studies have shown that xanthines bind weakly to 
the rat receptor. The most potent xanthine antagonist, I- 
ABOPX, binds to the rat A3 receptor with a Kj value of 1.5 
^M. In contrast, sheep, human, and canine A3 receptors bind 
I-ABOPX with 80-500 times higher affinity (3, 4). 

CPX is widely regarded as a selective antagonist of Ai 
adenosine receptors. Although CPX is >250-fold selective for 
human A^ over A3 receptors (27), this selectivity drops to only 
10-fold in the case of canine receptors. This is partly due to 
the fact that compared with himian and sheep A3 receptors, 
canine A3 receptors bind CPX with relatively high affinity. In 
addition, canine Aj adenosine receptors have lower affinity 
than other species for CPX. Consequently, CPX is not partic- 
ularly useful for discriminating between Aj and A3 receptor- 
mediated responses in the dog. A preferable compound for 
this purpose is WRC-0571, an Aj-selective nonxanthine an- 
tagonist that is >4000-fold selective for human Aj over A3 
receptors (31). Although WRC-0571 binds with much lower 
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Fig. 9. Effect of pretreatment of BR cells with pertussis toxin (PTX) on 
NECA-stimulated degranulation. Cells were pretreated for 24 hr with 
0.3 /xg/ml (A) or 1 fig/ml (B) pertussis toxin and then stimulated for 20 
min with 1 fiM A23187 and various concentrations of NECA. Data are 
pooled from three separate experiments, each assayed in triplicate. 

affinity to canine Aj receptors (Kj = 484 nM) than to human 
Ai receptors (K^ = 3 nM), it still is 35-fold selective as an 
antagonist of canine A^ over A3 receptors. Species differences 
in binding affinity also are significant for BW-A1433 [8-(4- 
carboxyethenylphenyl)-l,3-dipropylxanthine], which is 
sometimes used as a A3 receptor antagonist on the basis of its 
moderate affinity for sheep and human A3 receptors (3, 4). 
BW-A1433 is a relatively weak and nonselective antagonist 
of canine A3 receptors, binding with 10-fold lower affinity to 
canine than to human A3 receptors. 

Enprofylline, an antiasthmatic agent that has moderate 
affinity for human A3 receptors IKj = 156 ± 110 fiu (27)], 
binds poorly to the canine Aj and A3 receptors (Kj > 100 ^lu). 
Because enprofylline binds to the human A2B adenosine re- 
ceptors with a Kj value of 7 /xM (27), the compound was 
evaluated in this study to discriminate between canine Age 
and Ai or A3 adenosine receptor-mediated responses. Inas- 
much as the canine A3 receptor clone was isolated from a 
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Fig. 10. ^-Hexosaminidase release from BR cells in response to aden- 
osine receptor agonists. A, Cells were stimulated with adenosine ago- 
nists and 1 jLtM A23187 for 20 min. B, Cells were stimulated with 
adenosine agonists alone. Values are mean ± standard error of data 
pooled from three separate experiments, each assayed in triplicate. 

TABLE 4 

Potency of adenosine analogs to stimulate ^-hexosaminidase 
release from canine BR mastocytoma cells mean ± SEM, n =: 3 





Without A23187 


Withi yLhiNnw 








NECA 


0.58 ± 0.27 


0.19 ± 0.03 


(R)PIA 


11.5 ±2.5 


0.47 ± 0.14 


CGS 21680 


b 


32.4 ± 33.5 


IB-MECA 


b 


b 



* Data were pooled from three independent experiments. 

* No ^-hexosaminidase release was observed. 

Values are mean ± standard error for three determinations. 



canine mastocytoma cDNA library, we anticipated that the 
A3 receptor subt3rpe would be responsible for stimulating the 
release of granule- associated mediators. However, A^b and 
Ai as well as A3 transcript were found in BR cells, and low 
levels of Aj and A3 receptor binding sites could be detected on 
enriched plasma membranes prepared from the canine mas- 
tocytoma cells. Nevertheless, several lines of evidence indi- 
cate that BR cell degranulation requires activation of the AgB 
but not the A^ or A3 adenosine receptor: (i) degranulation of 
BR cells is not prevented by pretreatment of cells with per- 
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Fig. 11. Effects of enprofylline and Ro 20-1724 on /3-hexosaminidase 
release from BR cells. A, Antagonistic effect of enprofylline on NECA- 
induced )3-hexosanninidase release from BR cells costimulated with 1 
juM A23187 and various concentrations of NECA. Inset, Schild plot; for 
enprofylline, = 5.1 . B, Cells were pretreated with or without 20 /xm 
Ro 20-1724 for 15 min and then stimulated with NECA. Data are 
mean ± standard error of three determinations; similar results were 
observed in a replicate experiment. 

tussis toxin; (ii) the response is blocked by enprofylline with 
a pAg value near 5, an affinity similar to that of human 
receptors and higher that the affinity of enprofylline for 
canine Ai or A3 receptors; (iii) the potency order of agonists to 
stimulate degranulation, NECA > PIA > CGS-21680 > IB- 
MECA, differs from the potency order of these compounds to 
bind to recombinant canine A3 adenosine receptors; and (iv) 
NECA, but not CGS-21680, elevates cAMP, which is consis- 
tent with the existence of functional Ags receptors on BR 
cells. 

It was somewhat unexpected that Ags adenosine receptors 
seem to couple to Ca^*^ mobilization in canine mastocytoma 
cells inasmuch as Ajb adenosine receptors have been shown 
to couple to stimulation of cAMP accumulation (26). Appar- 
ent dual coupling to cAMP and Ca^"^ has also been noted in 
HEK 293 cells stably transfected with recombinant human 
AgB receptors,^ and it is significant in this regard that the 
expression of recombinant rat A^b receptors in Xenopus lae- 
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Fig. 12. Changes in intracellular levels of cAMP, Ca^"*", and InsPg in BR 
cells during stimulation with adenosine agonists. A, cAMP levels were 
measured in suspended BR cells incubated for 10 min with 20 ^xm Ro 
20-1724. B, Ca^"^ levels were measured in suspended cells loaded with 
FURA-2/AM. C, InsPg levels were measured in cells prelabeled with 
m/o-pH]inositol. All incubations included 1 unit/ml adenosine deami- 
nase. Data are mean ± standard error of three experiments. *, Greater 
than control and IB-MECA (p < 0.01). 

vis ooc3^es results in the appearance of adenosine-mediated 
Ca^"^ -dependent CI" current (32). Dual coupling of G protein 
coupled receptors to Gg and is not unprecedented. For 
example, the human prostacyclin receptor also displays such 
dual coupling (33). Coupling of Age adenosine receptors to a 
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Fig. 13. Antagonistic effects of enprofylline on second messenger re- 
sponses in canine BR cells. A, cAMP responses to NECA and enpro- 
fylline. Inset, Schild plot; for enprofylline, gAz = 5.3. B, Concentration- 
dependence of Ca^ responses to NECA with and without enprofylline 
(1 00 pM); the EC50 values for NECA are 760 and 5725 nM in the absence 
and presence of enprofylline, respectively. The pAj value for enprofyl- 
line is estimated to be 4.8. Results are typical of three experiments. 

Ca^"^ -mobilizing G protein resistant to pertussis toxin (Gq/n) 
may be essential for triggering BR cell degranulation because 
agents that elevate cAMP in various kinds of mast cells, 
including agonists of adenosine receptors, either have no 
effect or are inhibitory to degranulation (34, 35). 

The conclusions of previous studies have been inconsistent 
regarding the adenosine receptor subtype that mediates mast 
cell degranulation. Recent DNA antisense experiments suggest 
that activation of Aj adenosine receptors may contribute to 
bronchoconstriction in a rabbit model of asthma (36). However, 
the low potency of various Aj-selective xanthines to block his- 
tamine release from asthmatic himian limg fragments (10) and 
the low potency of enprofylline to block himiEin adenosine 
receptors (27) are consistent with the participation of Ags 
and/or A3 receptors in himian disease. The A3 adenosine recep- 
tor has been imphcated in the degranulation of RBL 2H3 rat 
mast cells and in triggering vascular responses^ secondary to 



^ Mast cell mediators such as histamine can produce vasoconstriction or 
vasodilation. Microvascular vasoconstriction is mediated in part by histamine 
and thromboxane acting on vascular smooth muscle cell receptors (9). Systemic 
vasodilation and hypotension secondary to A3 adenosine receptor activation 
are mediated in part by circulating histamine, which triggers nitric oxide 
release from endothelial cells. 



degraniilation of mast cells in the hamster cheek pouch (9, 37) 
and the pithed rat (25). AgB adenosine receptors seem to medi- 
ate the degranulation of murine bone marrow-derived mast 
cells (21), and although pretreatment of RBL 2H3 rat mast cells 
with pertussis toxin abolishes NECA-mediated degranulation, 
Ca^"^ mobilization in these cells requires activation of Gig or G^ 
(38). Moreover, activation of phosphoinositide breakdown in 
RBL 2H3 cells is not well correlated with the affinity of aden- 
osine analogs for A3 adenosine receptors (39). The treatment of 
murine bone marrow mast cells with pertussis toxin produces a 
decrease in the potency of adenosine to enhance degranulation 
in response to A23187, similar to the result in the current study 
with canine mastocytoma cells. Pretreatment of murine mast 
cells with pertussis toxin fails to reduce adenosine-mediated 
Ca^"^ mobilization, which is consistent with an AaB-mediated, 
but not an Ag-mediated, response (40). In the human HMC-1 
mast cell leukemia line, the abihty of 300 /utM enprofyUine to 
block NECA-stimulated interleukin-8 release was taken as ev- 
idence that this response also is mediated by AgB adenosine 
receptors (41). The current study tends to substantiate previ- 
ously published reports that suggest the receptor subtype pri- 
marily responsible for adenosine-mediated mast cell degranu- 
lation is variable. It is not yet clear whether this variabihty 
depends on species, tissue source, or environmental factors that 
affect signaling cascades and/or the phenotype of various mast 
cells. The results of this study indicate that A2B receptors play 
a major role in the regulation of mast cell degranulation but are 
consistent with possible participation of multiple adenosine re- 
ceptor subtypes and multiple G proteins. 

The canine A3 adenosine receptor described in this study is 
structurally and pharmacologically more similar to human 
A3 receptors than are A3 receptors from rodent species. This 
finding, along with the fact that it seems that murine bone 
marrow mast cells, canine mastocytoma, and human HMC-1 
leukemic mast cells are regulated by adenosine, primarily via 
AgB receptors, raises the possibility that canine models of 
asthma may be better predictors of human disease than 
rodent models. It will be important to determine which aden- 
osine receptor subtjrpe or subtypes are responsible for facili- 
tating mast cell degranulation in the asthmatic human lung. 
Once the predominant receptor or receptors are identified, 
novel antagonists superior to theophylline and enprofylline 
for the treatment of asthma may be developed. 
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Abstract 

Adenosine potentiates mast cell activation, but the receptor 
t3^e and molecolar mechanisms involved have not been de- 
fined. We, therefore, Investigated the effects of adenosine on 
the human mast cell Ihie HMC-1, Both the Ai. selective 
agonist CGS21680 and the Aja/Ajb nonselective agonist 5'- 
A^-cthyicarfooxamidoadenosine (NECA) increased cAMP, 
but NECA was foorfoLd more efficacious and had a Hill 
coefficient of 0.55, suggesting the presence of both Au and 
A]b receptors. NECA 10 /iM evoked IL-8 release from 
HMC-1, but CGS21680 10 /iM had no effect In separate 
studies we foand that enprofyliine, an antiasthmatic pre- 
viously thought to lack adenosine antagonistic properties, is 
as effective as theophylline as an antagonist of Aib receptors 
at concentrations achieved clinically. Both theophyilme and 
enprofyUhie 300 /tM completely blocked the release of IL- 
8 by NECA. NECA, but not CGS21680, increases inositol 
plK^hate fonnation and intracellular calcium mobilization 
tiirough a cholera and pertussis toxhi -insensitive mecha- 
nisnu In conchision, both Aia and Aib receptors are present 
in HMC-1 cells and are coupled to adenylate cyclase. In 
addition, Aib receptors are coupled to phosphollpase C and 
evoke IL-8 release. This effect is blocked by theophylline 
and enprofyiUne, rai^ng the possibility that this mechanism 
contributes to their antiasthmatic effects. (7. CUn, Invest 
1995. 96:1979-1986.) Key words: adenosine • mast cells • 
phospholipase C • hiterleukin-8 • enprofyliine 

Introduction 

It has long been recognized that adenosine interacts with mast 
cells ( 1 ) . Adenosine does not produce dii^c activation of mast 
cells, but it potentiates mast cell activation induced by a variety 
of stimuli. The adenosine iieceptor type present in mast cells 
varies depending on the type of mast cell and species studied. 
A3 receptors potentiate activation of rat basophil leukemia ceDs 
(RBL-2H3), a cell line used as a model for rat mast cells (2). 
On die other hand, mRNA for both and Ajb receptors have 
been identified in mouse bone mairow-derived mast cells. Acti- 
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vation of these cells appears to be modulated by Aib receptors 
(3). A3 receptors appeal' to mediate activation of human mast 
cells (4), but the receptor subtype involved is not known. 

The molecolai' mechanisms by which adenosine potentiates 
mast cell activation are not fully defined. It was initially pro- 
posed that cAMP is involved in this process (5), but, at least 
in rat mast cells, die effect of adenosine on mediator release 
seems to be independent of cAMP (6). More recendy. it has 
been shown that adenosine activates protein kinase C in mouse 
bone marrow -derived mast cells. Furthermore, adenosinenn- 
duced potentiation of mediator release in these cells was mim- 
icked by low concemrations of direct activators of protein kinase 
C. High concentrations of these activators, however, produced 
the opposite effect (7). Adenosine A3 receptors arc also re- 
ported to activate phospholipase C via a pertussis toxin-sensi- 
tive mechanisms (8). 

Although the functional relevance of adenosine actions on 
mast cells remains to be established, indirect evidence suggest 
that adenosine activates mast cells in die human lung, provoking 
bronchoconstriction (9. 10). It has been proposed, therefore, 
that adenosine plays a role in asthma. We believe it is important 
to deteimine the adenosuie receptor type(s) present in human 
mast cells, given the disparity found among different species, 
and to investigate their molecular mechanism of action. 

A m^or limitation in this area of research has been the 
difficulty in obtaining a pure preparation of human mast cells. 
Adenosine A2 receptors have been reputed to potentiate activa- 
tion of partially pmiiied dispersed human lung mast cells (4). 
Inhibition of mast cell activation by adenosine has also been 
repoited in human lung fragments (11). dispersed human hmg 
mast cells (12), and purified lung mast cells (4). depending 
on the concentration of adenosine used, or the time of incuba- 
tion. The inteipretatioD of these results, however, can be con- 
founded by the potential indirect effects of adenosine on cell 
types other than mast cells present in these preparations. 

A human mast cell line (HMC-1 )/ derived from a patient 
with mast cell leukemia, has recently been described ( 13 ) . Phe- 
notypic characteiization of HMC-1 cells revealed considerable 
similarities with normal human mast cells. HMC-1 cells contain 
tryptase but not chymase. On the basis of their neutral protease 
contents, therefore, HMC-l cells resemble the MCr type of 
human mast cells (14), wtiich correspond to the human lung 
mast cell ( 15). We have used this cell line to study adenosine 
receptors and their intracellular signaling pathways. 

A major challenge to the hypothesis that adenosine-induced 
bronchoconstiction plays a role in asthma is die fact that enpro- 

1. Abbreviations used in this paper: COS, 2-[p-(carboxyeI^lyI)•pbcayl- 
ethyIaIT)i^o]-5'-^ ethylcarboxamidoadonosine hydrochloride; DPSPX, 
1.3-dlpropyl-8-sulfophenyl»D thine; 0- protein, guanine oucleotide- 
binding regulatory protein; HEL, human erythroleukemia; HMC-1. hu- 
man mast cell hnc; NECA, 5 *'N ethylcarboxamidoadcnosinc. 
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fylline, z theophylliBe analogue, ia an effective andasthmatic 
but is thought to lack adenosine antagonistic properties. How- 
ever, the effect of enprofylUne on Aa, receptors has not, to our 
knowledge, been previously studied. We, tlierefore, examined 
the effect of enprofyiline on the actions of adenosine on human 
erythiT>leukeinia cells known to be mediated by Aib recep- 
tors (16). 

Methods 

Ceils. Human erydiroleukemia (HEL) cells were obtained tiom the 
Aniencan Type Culture CoUection (TIB 180; Rockville, MD) and main- 
tained ID suspension culture at a density between 3 and 9 x 10' cells/ 
ml by dilution with RPMI 1640 medium supplemented with 10% (vol/ 
vol) FBS, 10% (vol/vol) Dcwbom calf senun, antibiotics, and 2 mM 
glutamine. 

HMC-I cells were generous gift from doctor J. H. Butterfleld (Mayo 
Clinic, Rochester, MK) and roalntatned in suspension culture at a den- 
sity between 3 and 9 X 10' ceUs/ml by dilution with Iscove*s medium 
supplemented with 10% (vol/ vol) FBS, 2 mM glutamioe, antibiotics, 
and 1.2 mM o-thioglycerol. Cells were kept under humidified aono- 
sphere of air/CO, ( 19:1 ) at 37X. 

Measuremenr of irniacelhtlar calcium. Cytosolic free calcium con- 
ceotradons were detamined by fluorescent dye tcdmique. HMC-1 cells 
(2 X 10* cells/ml) were loaded with 1 /iM FURA-2/acctoxymcthyl 
ester in a buffer containmg 150 mM NaCl, 2.7 raM KG, 0.37 mM 
NaHjP04, 1 mM MgS04. ! mM CaQi. 5 g/bter D-glucose, 10 mM 
Hepes-KaOH, pH 7.4, and 035% BSA. After incubation for 30 min, 
cells were washed to remove excess of FURA-2 and were resuspended 
in the same buffer containing 0.25 U/ml adenosine deaminase, HMC- 
1 cells were suspended at a concentiation of 10^ cells /hil In the same 
buffer widiout BSA. Fluoi'escence was monitored at an emission wave- 
length of 510 nun and exdtatioa wavelengths of 340 and 3 SO mm. 
Maximal fluorescence was determined by addition of 20 /d of 0.4% 
digitomn. Minimal flnorescence was determined by addidon of 40 ^1 
of 1 M EGTA. The iutiacellular calcium was calculated using previously 
described formulas (17), assuming a £^ of 224 nM. Fluorescence was 
measured with a spectroduorimeter (Fluorolog 2; Spex Industries. Inc., 
Edison, NJ) in a tbermostated cuvette (37*^). 

Measurement qfcAMP. Before each experiment, HMC-1 and HEL 
cells were harvested, washed by centrifugados ( 100 ^ for 10 min), and 
rcsnspcnded m a buffer containing 150 mM NaO, 2.7 mM KQ, 0.37 
mM NaHiP04, 1 mM MgSO*, 1 raM CaQi, 5 g/Iiter D-ghlcos^ 10 
mM Hepes-NaOH, pH 7.4, and 0.25 U/ml adenosine deaminase to a 
concentration of 3 x 10" cells/m! (HMC-1 cells) or 10' cells/ml (HEL 
cells). HMC-1 cells were preincubatcd for 3 min at 37*C in a total vol 
of 198 Ml (178 |d for HEL cells) of buffer, containing die cAMP 
phosphodiesterase inhibitor papaverine (0.1 mM). cAMP accumulation 
m response to adenosiae agonists was measuied by the addition of 
the agonist (2 pi) to the cell suspension. Tlie adenosine antagonists 
cnprofynine and theophylline (20 fd), or buffer coatrol, were added to 
HHL cells as indicated. Cells were then mixed with a vortex and the 
incubation allowed to proceed for 3 min (2 min for HEL cells) at 37^. 
The reaction was stopped by addition of 50 pi of 25% TCA. TCA- 
trcated extracts were waslied five times with 10 vol of waternsatuiaied 
ether. cAMP concentrations were determined by compedtion binding 
of tritium-labeled cAMP to a protein derived from bovine muscle which 
has high specificity for cAMP ( 18) (cAMP assay kit. TRK.432; Amer- 
sham Corp., Arlington Heights, IL). 

Measurement of I'H] inositol phosphme formation. Formation of 
inositol phosphate was determined using a modifrcation of die procedure 
described by K. Seuwcn et al. (19). HMC-1 celU. at the concentrarion 
1 0' cells/ml. were labeled to equilibrium with myo- [ *H] inositol (2 /iQ / 
ml, DuPont-NEN, Boston, MA) for 24 h in senim-ftee Iscove's medium 
containing 0.25 U/ml adenosine deaminase. The HMC- 1 cells were tfien 
washed twice and resuspended hi buffer containing 150 mM NaCU 2.7 
mM KCU 0.37 mM NaHJP04, 1 mM MgSO,, 1 mM CaQj, 5 g/Hter 



[vglucose. 10 mM Hepes-NaOH, pH 7.4, ! U/ml adenosine dearm'nase, 
and 20 mM LiCl to a concentradon of 5 x 10^ cells/ml. After preincuba- 
dou at room temperature for 10 min, cells ( 178 ^xl) weie added to tubes 
containing adenosine agonists (2 /d) and antagonists (20 /d) or dieir 
corresponding vehicles, and the incubation was allowed to proceed for 
30 min at 37*^. Cells were collected by centrifugation and resuspended 
in 200 /il of ice-cold 10 mM formic acid (pH 3). After 30 min, this 
solution, containing the extracted inositol phosphates and inositol, was 
collected by centrifugation and dUuted with 800 /d of 5 raM NHs 
solution (final pH, 8-9). This solution was then applied to a column 
contahiing 0.2 ml anion exchange resin (AO 1-X8, formate form, 200- 
400 mesh; Bio-Rad Laboratories, Richmond, CA). Free inositol and 
glycerophoBpboittositol were etuted with 1.25 ml of H^O and 1 ml of 40 
mM animonimn formate /formic acid, pH 5, respectively. Total inositol 
phosphates were ehited in the suigle step widi 1 ml of 2 M ammonium 
formate/fbimic acid, pH 5, and radioactivity was measured by liquid 
scintillation counting. 

Determination qflL^ secreiioru HMC-1 cells were harvested and 
resuspended to a concentration of 10' ceUs/ml In semm-free Iscove's 
media, containing 0.25 U/ml adenosine deaminase. Cells were incubated 
for 18 h under humidlded atmosphere of air/CO] (19:1) at 37*^ widi 
d)e reagents indicated in Results. At the end of this incubation period 
die culture media were collected by centrifugation at 100 ^ for 10 min. 
IL-8 concentrations were measured in die culture media using an ELI5 A 
method (Quantikine; R&D Systems, Minneapolis, MN). 

Drugs. l^-dipropyl-S-sulfophenyUanthine (DPSPX), 5'-A^ethyl- 
carboxamidoadenosine ( NECA ) . 2- [p • ( carboxyediyl ) -phenylethylam- 
ino]-5'-7V-ethylcaiboxamidoadeno5lne hydrochloride (COS 21,680) 
and 3-/i-propy]xanthine (enprofyiline) were purchased from Research 
Biocfaemicals, Inc. (Natick, MA). Papaverine, calcium ionophore 
A23I87, PMA, and theophylline were obtained from Sigma Chemical 
Co. (St Louis, MO). Forskolin was purchased from Calbiochem Corp. 
(U JoUa, CA). 

Data analysis. Calculation of 50% effective couccntiation (EC50) 
values from dose-response curves was performed by nonlinear regres- 
sion analysis using InPlot 4.0 softwaie (GrapbPAD Software for Sci- 
ence, San Diego, CA) on a microcomputer. Statistical analysis was 
performed using InStat 2.0 software (OraphPAD Software). Unpaired 
Student's / test was used for single comparisons. The criterion for sig- 
nificance was P < 0.05. Results are presented as inean± standard error. 

Results 

Effect of enprofylUne on adenosine Ait receptors in human 
erythroUukemia cells. Increasing concentrations of eaprofylline 
produced parallel lightward shifts of the dose-response curve 
for NECA-induced cAMP accumulation (Fig. 1 A). Schild re- 
gression analysis revealed slopes close to unity (0.9) , indicating 
that enprofyiline acts as a simple competitive antagonist of Asb 
receptors. The intercept of this linear regression, which is used 
to estimate the of antagonists, was 7 fiM (Bg. 1 ^). We 
compared die effects of enprofyiline to those of theophylline, 
another antiasthmatic agent, and DPSPX. Schild analysis of 
these compounds yielded slopes of 0.9 and 1, and of 13 pM 
and 141 nM, respectively. 

Effect of adenosine agonists on ILrS production in hutnan 
mast cells. Incubation of HMC-1 cells with a combination of 
50 ng/ml PMA and 200 dM calcium ionophore A23187 for 18 
h increased IL-8 release firom 12±4 to l,785±86 pg/10* cells 
(rt = 5, P < 0.001 ). The response to fliis combination of drugs 
was decreased by 22% in the presence of 300 pM enprofyiline 
(to l,39l±74 pg/10* cells. n = S,P < 0.01). Incubation widi 
enprofyiline alone had no significant effect on spontaneous re- 
lease of IL-8 (to 8i6 pg/10* cells, n = 5, P > 0.5). 

Incubation of PIMC-1 cells with the nonselective Ajo/Aib 
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Figure I, Antagonistic effecta of methylxanthines on An, receptors in HEL ceHs. (A ) Dose-response curves for accumulation of cAl^ produced 
by NECA in HEL cells. Dose-response curves were repealed in tfae absence and in presence of increasing concentrations of enprofylline. which 
produced a progressive shift to the right A representativB enperiraeht of four is shown, (B) Schild analysis of the data from (A) and data obtained 
in similar experiments with the adenosine receptor antagonists theophylline and DPSPX. Schild analysis revealed linear relationships for all 
compounds, implying coinpetitive antagonism at Aa rccepton. 



agonist NBCA ( 10 /iM) for 18 b resulted in a 26-fbld increase 
in the release of IL-8 (from 12±4 to 306±23 pg/lO* cells, n 

- 5, P < 0.001). The increase in IL-8 release produced by 
NECA was bloclced if cells were incubated in the presence of 
300 fM enprofyUine (38±6 pg 11^8/ 10* cells, n = 5, P < 0.001 
compared to NECA + vehicle) or 300 fM theophylline (57il0 
pg IL-S/IO"* cells, n = 5, P < 0.001 compared to NECA + 
vehicle) (Fig. 2 A). In contrast to the stimulatory effects of 
NECA on IL-8 release, the selective Ai, agonist COS 21680 
(10 /aM) produced only a marginal increase in IL-8 release 
(29±4 pg IL-8/I0* ccUs, n = 5, /» = 0.05) coii^able to the 
effea produced by NECA m the presence of enprofyiline. 

We also deteiTmned if adenosine potentiated IL-8 produc- 
tion induced by an independent stimulus. PMA (0.6 ng/ml, 1 
nM) stimulated IL-8 production to 525±20 pg/10* ceUs (n 

- 3). NECA (10 iM) increased IL-8 pi-oduction to 356±20 
pg/10* cells (n = 3) (Fig. 2 fl). The combination of NECA 
and PMA stimulated IL-8 production to 2,594±122 pg/lO"* 
cells (n = 3). To determine if this potentiation could be due 
to activation of adenylate cyclase by NECA, we used forskolin 



and 8-Br-cAMP as controls. Neither forskolin (1, 30, and 100 
fM, shown to stimulate adenylate cyclase in these cells) nor 
8-Br-cAMP (1. 10. and 100 fM) induced IL-8 production. 
Likewise, these compounds bad no effect on PMA-induced IL- 
8 production (data not shown). 

Effect of adenosine receptor activation on cAMP in HMC- 
1 cells^ The unstimulated level of cAMP in HMC-1 was 2.8±0.1 
pmol/10* cells. Forskolin (100 >iM) increased cAMP accumu- 
lation 14-fold, to 38.4i3.0 pmol/10* ceUs (n = 6. P < O.OOl), 
Forskolin-stimulaled cAMP accumulation was not affiected by 
coincubation with 100 /aM COS 21680 (38.0±5.1 pmoIcs/lO* 
cells, n = 3, P > 0.0$ compared to forskolin + vehicle) but 
was greater in the presence of 100 /iM NECA (to 56.37±5.1 
pmol/10* cells, /i = 3, P < 0.001 compared to forskolin 
+ vdiicle). 

Adenosine agonists produced a dose-dependent accumula- 
tion of cAMP in HMC-] in the absence of forskolin (Fig. 3). 
NECA was more efficacious than COS 21680; at concentrations 
producing maximal effects ( 1 mM ) . NECA produced an eight- 
fold ina^eaae in cAMP (to 223+3.2 pmol/10' cells, n = 3). 
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Figure 2. Release of JLr% from HMC-1 ceUs. (A) Release of intaleukin-S into culture media by unsdmulaied HMC-1 cells (Btuat), or by cells 
stimulated with 10 ;iM CGS 21,680 (CGS). and with 10 NECA in the absence (NECA) or in the presence of 300 enprofylline {NECA 
-f- Enpi-of), or 300 fM theopliylUoe {NECA + Theo), Values are expressed as meanisiandard error of Ove expeiimcnts. {B) Release of II^B into 
culture media by unstimulated HMC-l cells {Basal), or by cells stimulated with 10 ^ NECA, I nM PMA. or 10 ;iM NECA combined with 1 
nM PMA. Vahies aie expressed as mean±standard error of three expenments. Note the difference in the scale of the y-axis between panels A 
and a ^ r- 



Adenosme Ajj, Receptors Evoke InterleuHnS Secretion in Human Mast CeQ 1981 



0 J t — I -I ihmi I 1 1 hull I 1 I iiiii I I iiiiiii ml i i iiiiiit Figure 3, Effect of incrcaaing concentrations of adenosine 

lO"* 10"* 10"^ 10"* 10"' 10"* lO"" receptor agonists OQ cAMP accumulation in HMC-1 cells. 

Values are expressed as meanirstandard error of three ex- 
M perlmcnts. 



but CGS 21680 produced only a twofold ina-ease in cAMP (to 
7.5±1.7 pmol/IO* cells, n = 3). Nonlinear rcgrtssion analysis 
of concentration-response curves revealed an EC50 of 225 nM 
for NECA and 54 nM for CGS 21680. The Hill coefficient for 
COS 21680 was close to unity (1.1). conststem with stimulation 
of cAMP production through a single adenosine receptor sub- 
type. On the other hand, the concentration-iTesponse relationship 
for NECA was charact^ed by a Hill coefficient of 0.55, sug- 
gesting the involvement of more than one adenosine receptor 
subtype on this effect. 

Effect of adenosine receptor activation on intracellular 
Ca'* in HMC'l cells. Adenosine analogues produced a dose- 
dependent increase in intracellular calcium content in HMC-1 
(Fig. 4). NECA was more efficacious than CGS 21680; at 
concentrations (100 fjM) producing maximal effects, NECA 
and CGS 21680 increased Ca^* by 210i6 nM and 75±6 nM, 
respectively. On the other hand, both agonists had similar poten- 
cies; the ECso for NECA and CGS 21680. estimated by nonlin- 
eai* analysis, were 334 and 296 nM, respectively. It is worth 
noting, however, that NECA produced a shallow concentration- 
response curve, with a Hill coefficient significantly bwer than 



unity (0.6). This suggests that NECA stimulates intracellular 
Ca** through an interaction with moi^e tiian one receptor site. 

In ancillary studies we demonstrated that the NECA-induced 
increase in FURA-2 fluorescence could not be explained by 
leakage of the dye to the extracellular space, because we found 
that 100 /iM NECA did not increase FURA-2 content in the 
supernatant (data not shown) . The increase in inuacellular Ca^"^ 
produced by NECA, therefore, can be explained either by an 
increase in extracellular Ca*'^ influx or by mobilization of inter- 
nal stores. NECA (10 ^) increased intraceUuIai- Ca*^ even 
in cells incubated in the absence of extracellular Ca^"**, that is, 
in a calcium-free medium containing 1 mM EGTA (Fig. 5 
A). This indicates that NECA mcreases intracellular Ca^* by 
evoking Ca** mobilization. On the other hand, CGS 21680 had 
no effect on intracellular calcium under diese conditions (Fig. 
5 i4 ) . It should be noted that NECA induced a sustained eleva- 
tion in Ca^* levels in the presence of extracellular Ca'*, but, 
in the absence of extracellular Ca^*^, it induced a transient rise 
in cytoplasmic Ca**. 

We used an additional approach to determine if NECA can 
stimulate extracellular calcium influxes or intracellular calcium 
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Figure 4. Effect of increasing concentrations of adenosine 
receptor agonists on ftee intracellular Ca** levels in HMC- 
1 cells. Bxpehmeuts weie petfrnmed in the presence of I 
mM CaCl, in die extracellutar media. Values aie expressed 
as mean±standard error of six experiments. 
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mobilization in HMC-1 cells. Mn*"^ and Ca^"^ have been shown 
to fibaie the same channel for entry into cells. At an excitation 
wavelength of 360 nm and an enussion wavelength of 500 nm, 
fluorescence is selectively quenched by influx of Mn** and is 
unaltered by changes in Ca*^ . On the other hand, mobili2ation 
of Ca}* from internal stores can be assessed simultaneously by 
monitoring fluorescence at an excitation wavelength 340 nm in 
cells incubated in a calcium-free medium (20). For these studies 
Mn** was added into Ca^*-free buffer just before each mea- 
surement, to a final concendfaticn of 100 fjM, As shown in Pig. 
5 B, tht addition of NHCA to the incubation medium pi-oduced 
an hutial increase in the Ca^*^ signal, followed by slight quench- 
ing of Ac FURA 2 signal by Mn^* . This suggests that NECA 
induces an initial mobilization of Ca^^ from intracellular stores 
and a subsequent (and probably calduro-mediated) cation in- 
flux from extracellular media. 

We then determined the potential role of 0-proteins in aden- 
osine actions on intracellular Ca^'^ in HMC-1 cells. Cholera 
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toxin was used as a way to increase the basal activity of the 
stimulatory guanine nucleotide-binding proteins (GJ and per- 
tussis toxin was used as a way to block the family of inhibitory 
guanine nucleotide-binding protein (GJ. Pretreatment of HMC- 
1 cells witii 100 ng/ml cholera toxin or 500 ng/ml pertussis 
toxin for 24 h had no effect on basal or NECA-stimulatcd 
inlracellulai' Ca^* levels (Fig. 6). This effect, therefore, is not 
mediated by coupling to G, or 0| proteins. To determine die 
potential role of cAMF we used forskolin. Forskoiin, at concen- 
trations of 10 and 100 pM, had no effect on basal Ca^*^ or on 
the increase in Ca^"^ produced by NECA (data not shown). 
Forskolin effectively stimulated adenylate cyclase at these con- 
centrations. These results, therefore, suggest that NECA-in- 
duced rise in intracellular Ca'*^ is not mediated by an increase 
cAMP levels in HMC-1. 

Effect of adenosine receptor activation on inositol phos- 
phate fomuuion in HMC-1 cells. The major pathway of Intracel- 
lular calcium mobilization involves phospholipase C activation 
with phosphoinositide hydrolysis. To determine the role of this 
pathway on adenosine actions, we measured the accumulation 
of total inositol phosphates in the presence of 20 mM LiG. 
NECA 10 pM considerably increased the accumulation of inosi- 
tol phosphates (from 2,402±48 dpm/tube to 3,906±99 dpm/ 
mbe, « = 5, P < 0.001, Fig. 7). In conttast, 10 pM COS 21680 
had no effect on levels of inositol phosphates. Enprofylline 300 
pM and theophylline 300 pM blocked the hicrea&e in inositol 
phosphates produced by NECA in HMC-1 cells. Neither antago- 
nist affected basal levels of inositol phosphates. 
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Discussion 

The hypothesis that adenosine plays a role in asthma was ini- 
tially suggested by the recognition that theophylline blocks 
adenosine receptors at concentrations achieved clinically (21, 
22). Even though methybcanthines may have other mechanisms 
of action in vitro, such as mhibition of phosphodiesterases or 
mobilization of intracellular calcium, it is believed that these 
effects require highei* concentrations than those clinically 
achieved in vivo (21). The antiasthmatic effects of theophyl- 
line, therefore, could i-esult from blockade of endogenous aden- 
osine. This assumes, however, that adenosine is able to provoke 
asthma. In suppoit of this assumption, adminisb'ation by inhala- 
tion of adenosine, or of its precursor AMP, provokes broncho- 
constriction in asthmatics but not in normal subjects (23). 
Adenosin&-induced bronchoconstricdon is most likely mediated 
by activation of mast cells because this effect is bloQked not 
only by adenosine receptor antagonists (9) but also by selective 
histamine HI blockers (24, 25) and a-omolyn sodium (23, 26). 
These in vivo findings arc in agreement with the observations 
made by Marquardt and colleagues demonstrating that adeno- 
sine activates mast cells in vitro (7, 27), 

A major challenge to the hypothesis that adenosine contri- 
butes to asthma comes from the ''enproiylline paradox.' * Enpro- 
fylline (3-Af-propylxanthine) is as effective as theophylline ( 1, 
3. 7, tiimethyUauthine) in the treatment of asthma, but was, 
heretofore, believed not to block adenosine receptors (28, 29). 
This assertion, however, deiives mosdy from studies performed 
before the recognition of the existence of As receptor subtypes. 
More recently, it has been shown diat enprofyllioe does not 
compete for A3 receptor binding (30). To the best of om* knowl- 
edge, the possibility that enprotylline blocks Aib receptor has 
been overlooked. Our studies found enprofylline to be as potent 
as dieophylline as an A2b receptor antagonist. Furthermore, the 
Ki of enprofyllioe (7 fjM) is within its recommexKled dierapeutic 
plasma levels (5-25 /iM), indicating that plasma concentra- 
tions reached under clinical conditions are sufficient to block 
Alb receptors. 

It has been emphasized that Ajb receptors have, in general, 
significandy less affinity for adenosine agonists than do the 
odier known adenosine receptor subtypes. This is indeed a crite- 
rion used to characterize Aib receptors. Less recognized is the 
fact that Alb receptors may have a similar or even greater affinity 
to some adenosine antagonists. For example, the affinity of 
DPSPX for Ajb receptors (#:,, 0.1 fjM) Is 10-fold higjier than 
that for Ajb receptors ( 16). DPSPX is, to the best of our knowl- 
edge, die most potent antagonist of Au receptors known to date, 
but a systematic search for mediybcanthine analogues with 
blocking properties has not been undertaken. It is possible that 
mote potent antagMiists exist or can be developed. Even though 
enpiofylline is lOO-fold less potent than DPSPX, it is die only 
known selective A^ antagonist to date. Therefore, it can become 
a useful pharmacological tool to chai-acterize Aa receptors and 
dieir functional relevance. 

It has been assumed that enprofylline alleviates asthma 
dirough mechanisms othei* than adenosine receptor antagonism. 
Intravenous enprofylline was found to be less effective than 
theophylline in blocking adenosine-induced bronchoccnstric- 
tion (31 ). Plasma concentrations of enprofylline, however, were 
four times lower than dieophylJine in that study, whereas our 
results suggest that both roethylxandiines are equipotent in 
blocking An, receptors. We believe, therefore, that our findings 
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solve the enprofylline paradox and raise the possibility that its 
antiasthmatic effects are due, at least partially, to blockade of 
adenosine Aa, receptors. This postulate, however, assumes tfiat 
Ajb receptors activate mast cells. It is this possibility that we 
wanted to examine in the human mast cell line HMC-1. 

Our results indicate the presence of both Aia and Aa recep- 
tors in HMC-1 cells. Both receptor subtypes contribute to ade- 
nylate cyclase activation, most likely Uuough coupling widi O, 
protems, as previously described in other cell types (16). It is 
possible that A^, receptors also contribute to the increase in 
intracellular calcium observed in HMC-1 ccUs. This would ex- 
plain the small increase in intracellular calcium produced by 
COS 21680 (Fig. 4). This effect, however, is not observed in 
cells incubated in die absence of extracellular calcium. We 
found no functional consequence of this phenometK>n, siace we 
have no evidence that K-i^ receptors contribute to phospholipase 
C activatioD or IL-8 release in HMC-1 cells. For diese reasons, 
we have not explored the molecular mechanisms of Ajt-medi- 
ated calcium rise. Because forskolin had no effect on intracellu- 
lar calcium, it Is unlikely that this effect is mediated by cAMP. 
It is possible that and Aa receptors are dii-ccdy coupled to 
a calcium chatmel through G, proteins, as suggested for Ajb 
receptors (32) and other G,-coupled receptors (33, 34). 

One of the main differences between Ajo and Aa receptors 
entails modulation of intracellular calcium. Whereas A2, recep- 
tors generally inhibit intracellular calcium rises in most cell 
types (35. 36), activation of Aa receptors generally potentiate 
intracellulai' calcium rises. The molecular mechanisms by which 
Aa modulates intracellular calcium appear to be differwit 
among cell types. Aa receptors potentiate a P-type calcium 
current in hippocampal neurons (37). In human erythroleuke- 
mia cells, Aa receptors facilitate calcium influx through a 0, 
protein-coupled, but cAMP-independent process (32), most 
likely involving the opening of a calcium channel Ow* results 
show that Ajb recepcoi*s increase intracellular calcium in HMC-1 
cells through a cholera- and pertussis toxin -insensitive process. 
These findings suggest that a guanine nucleotide-binding protein 
of the Gq family is involved. The increase in phosphoinositidc 
hydrolysis and intracellular calcmm mobilization suggest that 
Aa receptors activate phospholipase C, and presumably also 
protein kinase C (Fig. 8). 

IL-8 secretion firom HMC-1 cells requires increases in gene 
transcription and de novo protein syndiesis (38), but the cellular 
events leading to this process have not been characterized Our 
results do not support involvement of adenylate cyclase, since 
neither forskolin nor 8-Br-cAMP stimulated IL-8 production. It 
could be proposed that adenosine-induced IL-8 secretion is the 
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result of Ajb-inediated phospholipase C activation. This would 
lead to phosphoinositide hydrolysis, calciuii] mobilization, and 
protein kinase C activation. In su^^it of this proposal, the most 
potent stimulus known to evoke IL-8 release from HMC-1 is 
activation of pnotein kinase C by phoitoJ ester (38). Further- 
more, there is a striking similarity between ±e effects of adeno- 
sine agonists and antagonists on inositol phosphate formation 
and IL-8 release (compare Figs. 2 and 7). A direct causal 
relationship, however, has not been proven. 

Marquardt and colleagues (7) have previously demonstrated 
that adenosine analogues induce translocation of protein kiaase 
C activity in cell membranes of mouse bone marrow— derived 
mast cells, and suggested that this process contributes to adeno- 
sine^ induced potentiation of mast ceU activation. More recently, 
these investigators have reported that Aib receptors mediate 
adenosine actions in these mast ceils (3). Our results in human 
mast cells, therefore, correspond closely to those found by Mar- 
quardt and colleagues, in mouse bone marrow -deiived mast 
cells. Two differences between their finding and ours are worth 
noting. First, adenosine actions on mouse bone toairow-derived 
mast cells were found to be pertussis toxin-sensidve (39) 
whereas we found no evidence of (jj coupling in these human 
mast cells. Second, adenosine does not activate bone marrow - 
deiived mast cells directly; it rather potentiates mast ceD activa- 
tion. Id contrast, adenosine alone produced significant IL-8 re- 
lease in HMC-l cells. Adenosine also greatly potentiated IL-8 
production induced by PMA (Hg. 2 B) , This effect appears to 
be synergistic rather dian additive and is similar to that observed 
in mouse bone manow -derived mast cells. Adenylate cyclase 
is not involved in this process, since potentiation of PMA- 
induced IL-8 production was not reproduced by 8-Br-cAMP. 
Further studies are required to define the mechanisms of adeno- 
sine-induced potentiation. It should be noted that inlialed adeno- 
sine does not require other stimulants to provoke bronchocon- 
striction in asthmatics. Whether mast cells arc in a constant 
"preactivated** state in asthma is speculative. 

It has been suggested that the recently recognized A3 recep- 
tor modulates mast cell activation (40). mRNA encoding A3 
receptors is expressed in rat basophil leukemia cells (RBL- 
2H3), and these receptor types reportedly potentiate activation 
of diese surrogate rat mast cells (2). However, A3 receptors, 
while prominent in rat mast ceils, have not been shown to be 
ftmctionally present in mast cells derived from other species. 
Also, the rat A3 receptor is generally insensitive to methylxan- 
thines, including theophylline (41). Human (42) and sheep 
(30) A3 receptors arc sensitive to the antagonistic effects of 
theophylline and oilier methylxantijines, but they have a low 
affinity to ei^fylline (30). A3 receptors, therefore, are less 
likely to be involved in asthma, given the efficacy of enprofyl- 
line in the treatment of this disease process. Although we found 
no evidence for the functional expression of A3 receptors in 
HMC-1 cells, it remains possible that this receptor type is ex- 
pressed in other human mast cells. 

In summary, our results indicate that the human mast cell 
line HMC-1 functionally expresses A2b receptors. Their activa- 
tion leads to increases in phosphoinositide hydrolysis, intracel- 
lular calcium mobilization, and IL-8 secretion. Enprofylline is 
a competitive antagonist of Ajb receptors and inhibits adenosine- 
mediated IL-8 secretion in human mast cells. Taken together, 
tliese results support the hypothesis that receptors are in- 
volved in tiie putative role of adenosine in asthma. This conclu- 
sion, however, is based on die assumptions that antagonism of 



Aai. receptors accounts for the antiasthmatic effects of enprofyl- 
line. and that the HMC-l cell line is an adequate mode] for 
adenosine receptors in human lung mast cells. The validity of 
these assumptions remains to be determined. 

Acknowledgments 

The authors thank Drs. William Scrafin and Jack Wells far helpful 
suggestions in the design of satdita v\d interpretation of results, and 
Dr, J. H. Buttei-field for providing HMC-l cells. 

This work was supported by grams RR00095 (Qinlcal Research 
Center) and HL- 14192 (Specialized Center of Research in Hyperten- 
sion) fVom the National Institutes of Healtli. Dr. Feoktistov Is a recipient 
of an Amencau Lung Association research grant 

References 



J. NfaiiquiUfJt. D. L.. C. W. Paiker, and T. J, SvUlvan, 1978. Potsatiftdon of 
most celt mediBtor cejeaic by adenosine. / Immunol 120:871-878. 

2. RamkumBr, V., 0. L Stiles, M. A, Beaven, and H. Ali. 1993. The A, 
adenosine receptor ia die unique adenostne cecepcor wtudi fadlilxtfis release of 
allergic medrnton id mast cella. / Biol Chertu 268:16887-16890. 

3. MsTqoafdt. D. U« L. L. Walker, and S. Hetnemann. 1994. Qonins of two 
adenosine receptor subtypes from mouse bone maxzow-derived mast cell a. / 
tnumnol 152:4508-4515. 

4. Ptachdl, P. T,, L. M. Lichtenscein, and R. P. Schlcimer. 1991. OiifefeatiaJ 
leguladon of huimn basophil and lung masc cell ftinctton by adenosine. J, Phor- 
macol Exp, Ther. 256:717-726. 

5. HoJgalB, S. T., R. A. Lewis, and EC R Austen. 1980. Role of adenylate 
cyclase In immunologic release of mediaiorB from rai mast ceJla: agonist and 
ancagonist eUTects of purine- and ribose-ixiodified adenosine analogs, Pt-oc NatL 
Acad. Sci. USA. 77:6800-6804. 

6. Chmcb, M. K., P. J, Hughea. and C J. Vaidey. 1986. Smdies on d» receptor 
mediating cyclic AMP-independent entuncement by adenosine of IgB-dependent 
mediator release from rat mast cells. Br. J. Phanmcol 87:233-242. 

7. Marquardt, D. L. and L. L. Walker, 1990. Modulation of mast cell responses 
to adenosine by agents tbat alter prorein kinase C activity. Biochenu Pharmacol 
39:1929-1934. 

8. AJl. H., J. IL Cunha-Melo, W. F, Saul, and M. A. Bcavcn. 1990. Acdveciou 
of phospholipase C via adenosine recepton provides synergistic atgnals for secre- 
tion in antigen-stimulated RfiL-2H3 oells. Evidence for a novel adenosiiie recep> 
tor. J. Biol Chcm, 265:745-753. 

9. Mann, J. 5., and S. T. Holgare. 1985. Specific antagonism of adenosine- 
Induccd bronchooonatricdon In asthma by oral tbeopbyllfne. Br. J. CIUl Phama- 
col 19:685-692. 

10. Cuabley. M. J., and S. T, Holgate. 1985. Adenoaine-indoced bronchocon- 
BbHction in asdima; cole of mast cell-mediator release. I Allergy Clin. Immunol 
75:272-278, 

11. HiUyafd, P. A., A T. Nials. I. P. Slddmore. and C. J. Vardey. 1995. 
Characteilzarlan of the adenofllne receptor cespooaible for die Inhibition of hisCa- 
nine and SRS-A L«leiise from human lung fragments. Br. J. Pharmacol 83:337- 
345. 

12. Hughea, P. J., S. T. Holgote, and M. K. Church. 1984. Adenosifte inhitnts 
and potentiates IgE-depeodenc histaralne release fnun human lung mast cells by 
an A2-puriiiocepcor mediated mechanism. Biochem, Pharmacol 33:3847 -38SZ 

13. Butterfietd, J. H., D. Weikr, O. Dewald, and Q. J. Gleich. 1988. Estoblish- 
iDcot of an immature mast cell line from a padeni with mast cell teuicemra. Leuk. 
Res, 12:345-355. 

14. NI1&S011. a, T. Blom. M. Kusche^hiUberg, I Kjellen. J, H. Butterfleld, 
C. Sundsntim, K. NUsson, and L. Hellman. 1994. Fhenotyplc cbaracterizadon of 
die human mast-oell line HMC-l. Seand, J. fmmunol 39:489-498. 

1 5. Irani, A. A., N. M. Schechter. S. S. Craig. 0. DeBlois. and L. B. Schwartz. 
1986. Two types of human mast oells diat have distinci neutral protease composi- 
dona. Proc. Nad, Acad. Scu USA. 83:4464-4468. 

16. Feoktistav, I., and I. Biaggionl. 1993. Characterization of adenosine recep- 
tors in human erythroteulcemia cells. PurUier evidence for heterogeneity of edeoo- 
aine A, roceptors. MoL Pharmacol 43:909-914. 

17. C3iynidcwicz. O., M Poenle, and R. Y. Tsien. 1985. A new generatioQ of 
Ca** indicators with greally improved fluorescence properties. J. Bial Cheni. 
260:3440-3450. 

18. Oilman, A. 0. 1970. A protein binding assay for sdenonne 3 ',5 '-mono- 
phosphate. Proe. Nad Acad. Sei. USA. 67JQ5-312. 

19. Seuwen, IL, A. Lagaide. and J. Pouyssegur. 1988. Deregulation of hamster 
ftbroblast protlfention by mutated ras oncogenes ia not mediated by constioidve 



Adenosine Aa Receptors Evoke InterieukinS Secretion in Human Mast CeU 1985 



activation of phosphoinosilide-specific phospliolipase C. EMBO {Btw. MoL Biol 
Organ,} J. 7:161-168. 

20. Menitt, J. E., R. Jncob, and T. J. Hallaia 1989. Utc of mangaiiese tt» 
dlscrininate between calcium influx and mobflizatico firom internal store* in 
uinailated human neutrophils. X BioL Chem. 264:1522-1527. 

21. Roll, T. W. 1982. BvolutloD of tfie mechmlBiDa of action of tncthybtan- 
thiDcs: from calcium tnobUlzen to antagonists of adenosine receptors. Pharmacol- 
agist. 24OT-287. 

22. Biaggioni. I.» S. Paul, A. Pucketi. and C. Araiblaga. 1991. Cafftane and 
theophylline as adeootine receptor antagonists in humans. / Pharmacol Exp. 
Thtr. 258:588-593. 

23. CosWey, M. J., A. B. Tattcrsfield, and S. T. Holgate. 1984. Adenosine- 
induced bronchoconsirlcdoTi In asd^ma. Am. Rev. Respir. Dix. 129:380-384. 

24. BjOrck, T., L. E Guataftson, and S. E. DaWfin. 1992. Isolated bronchi 
from asthmatics are hypetresponatve to adenosine* which apparently acts tncfirectly 
by Mberacion of Jeultotriones and hlslamine. Am JUv, fUspir. DU. 145:1087- 
1091. 

25. Raffbty. P., C. R. Beasley, and S. T. Holgate. 1987. The contribution of 
liistaromc to immediate broiichoconstrictlon provoked by inhaled allergen and 
8denosiTic-5 'monophosphate in atopic asthma. Am. Riv, Respir. Dii. 136:369- 
373, 

26. CMmi. V. Bnisasoo. M. Brancotisano, E. Losurdo, and P. CrimL 1986. 
Adenosine-induced faroncfaoconstrlcdon: premedication with chlorpheniramine 
and nedoctomil sodium. E»r. J, Rexpir, Dh. 69:255-257. 

27. MarquaidU D. L.. L. L. Walker, and S. I Wasserman. 1984. Adenosine 
rece;Mon on mouse bone maxrow-derived mast cells: fitiKUon&I significance and 
regulation by amJnophylllne, J. Imrmmol. 133:932-937. 

28. Pcrsson, C G. 1983. The profile of actkm of enprofyUlnc, or why adeno- 
sine antagonism seems less desirable with xanthtoe antiaathmatics. (Review). 
Ageni* Actions. 13:115-129. 

29. Persson. C. 0. A., K. Andcrsson. end 0. Kjellin. 1986. BfiiBcu of enprojyi- 
iine and theophylline may show the role of edeoosiDe. L^e Sci 38:1057-1072. 

30. Linden, J., H. R Taylor, A. S. Robeva. A. L. Tucker. J. H. Stehlo. S. A, 
Rlvkees. J. 5. Fmk. and S. M. Repperc. 1993. Molecular cloning and flinctional 
expression of a sheep A3 adenosine receptor with widespread tissue distributiou. 
MoL Phmwacol 44:524-532. 

31. aiiffce, H., M. J. Qishley, C. G. Perssoc, and S. T. Holgaic. 1989. The 



ptotecdve effects of intravenous riieophylline and cnprofyllino against histamine- 
and adcnoalrve 5'monophosphatB-provoked bronchoconwriction: implications for 
the mechanisms of action of xantbine deiivatlvea in asthma. Puhn, Pharmacol 
2:147-154. 

3i Feoktlstov» T., J. J. Murray, and 1. Bloggioni. 1994. PosiUve modulation 
of intracellular Ca** levels by adenosine A2b receptors, prostacycliu, and prcfita- 
glandin El via a chotera toxln-scnsltivc mcchnnisra in human erythroltukeniia 
cells. Mol, Pharmacol 45:1160-1167. 

33. Hamilton, S. L., J. Codinas, M. J. Hawkes, A. Yatanl. T. Sawoda, F. M. 
Strickland, S. C. Froehner, A. M. Spiegel. L. Toto, E Stofani. ct al. 1 991. Evidence 
tor dbect interaccion of Q„ with the Ca** channel of skeletal muscle. / Btol 
Chem, 266:19528-19535. 

34. Scamps, P.. V. RyWn. M. Pucoal, V. Tkachuk, and Q, Vassoit. 1992. A 
O, piDtdn couples Prputinergic stinouladoo to cotdlac Ca channels witiioul cyclic 
AMP production. / Gen. Physiol 100:675-701. 

35. Bi^lcy, A. B., and K. G. Morgan. 1985. Cellular Ca** monitored by 
aequofin In adenosine-mediated smoodi mitscle telaxftilm. Am. J. Phyjiol 
248:H109-H117. 

36. Feokdstov, I.. S. Paul, A. S. Hollister, D. Robertson, and 1. Biaggioni. 
1992. Role of «yetic AMP in adenoshie Inhibition of intracellular calcium rise 
in human platelets. Comparison of odeaosine effects of thrombln-induced and 
epinephrlne-induced platelet stimulation. Am. J, Hypertais. 5:147S-153S. 

37. Mogul, D. J.. M. R Adams, and A. P. Fox. 1993. Diffctential ectivatlon 
of adenosine icceptors decreases N-type but potentiates P-cype Ca^'*' current in 
hippocampal CA3 neurors. Neuron. 10:327-334. 

38. Selvan, R. J. H. Bunerfield, and M. S. Krangel. 1994. EKpresaion of 
multiple cltemokine genes by a human mast coll leukemia. /. Biol Chem. 
269:13893-13898. 

39. Maxxiuardt, D. L., and U L. Walker. 1988. Aheradon of mast cell iwpon- 
slvenesB to adenosine by pertussis toxin. Biochem. Pharmacol 37:4019-4025. 

40. Beaven, M. A.. V. Ramkumar, and H. Ati. 1994. Adenosine A3 receptors 
in mast cells. Ti-ends Pharmacol Sci 15:13-14. 

41. Zhou, Q., C. m M. E. Olah, R A. Johnson, G, L. Stiles, and 0. CivellL 
1992. Molecular cloning and characterization of an aduiosint receptor: die A3 
adenosine recoptoi*. Proc. Natl Acad. Sal USA. 89:7432-7436. 

42. Salvatore, C. A„ M. A. Jacobson. H. E. Tayloi, J. Linden, and R. G. 
Johnson. 1 993. Molecular cloning and charscterization of dw human A3 adenosine 
receptor. Proc. Natl Acad Sci. USA. 90:10365-10369. 



1986 /. Feokxistov and L Biaggiotii 



003l-6997/97/4904-0381$03.00/0 
Pharmacological Reviews 

Copyright © 1997 by The American Society for Pharmacology and Experimental Therapeutics 



Vol. 49, No. 4 
Printed in U.S.A. 



Adenosine AgB Receptors 

IGOR FEOKTISTOV AND ITALO BIAGGIONP 
Divisions of Clinical Pharmacology and Cardiology, Departments of Medicine and Pharmacology, Vanderbilt University, Nashville, Tennessee 



1. Introduction 381 

II. Classification of adenosine receptors 382 

III. Molecular characterization of receptors 382 

IV. Pharmacology of receptors 384 

V. Distribution of AgB receptors 388 

VI. Intracellular pathways regulated by receptors 389 

VII. Physiological functions of A2B receptors 391 

A. Control of vascular tone 391 

B. Cardiac myocjiie contractility 392 

C. Modulation of neurosecretion and neurotransmission 392 

D. Cell growth and gene expression 393 

E. Regulation of intestinal tone and secretion 394 

F. Adenosine and asthma 394 

G. Adenosine receptors and mast cells 395 

VIIL A2B receptors as therapeutic targets 396 

IX. Concluding Remarks 397 

X. Acknowledgments 398 

XI. References 398 



I. Introduction 

Adenosine is an endogenous nucleoside that modu- 
lates many physiological processes. Its actions are me- 
diated by interaction with specific cell membrane recep- 
tors. Four subtypes of adenosine receptors have been 
cloned: A^, A2A, A2B) and A3. Significant advancement 
has been made in the understanding of the molecular 
pharmacology and physiological relevance of adenosine 
receptors, but our knowledge of A2B receptors lags be- 
hind that of other receptor subtypes. The lack of selec- 
tive pharmacological probes has hindered research in 
this area. Perhaps because of their lower affinity for 
adenosine compared with other receptors, it is often 
assumed that A2B receptors are a low-affinity version of 
the A2A receptor and are of lesser physiological rele- 
vance. It has been only recently that potentially impor- 
tant functions have been discovered for the A2B receptor, 
prompting a renewed interest in this receptor type. It is 
also recently recognized that AgB receptors are coupled 
to intracellular pathways different from those of A2A 
receptors, a finding that may provide the basis for their 
distinct physiological role. AgB receptors have been im- 
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plicated in mast cell activation and asthma, vasodila- 
tion, regulation of cell growth, intestinal function, and 
modulation of neurosecretion. We try to review the re- 
cent advances made in the study of A2B receptors and 
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sine 5c-triphosphate; cAMP, adenosine 3c,5c-cyclic monophosphate; 
cDNA, complementary deoxyribonucleic add; CGS 21680, 4-[(N-ethyl- 
5'-carbamoyladenos-2-yl)-aminoethyl]-phenylpropionic acid; CHO, 
Chinese hamster ovary; CPA, N®-cyclopentyladenosine; DPCPX, 
l,3-dipropyl-8-cyclopentylxanthine; DPSPX, l,3-dipropyl-8-(p-sulfophe- 
nyDxanthine; EC50, concentration that produces half-maximal effect; 
enprofylline, 3-n-propylxan thine; HEL, human erythroleukemia; 
IB-MECA, N®-(3-iodobenzyl)-N-methyl-5'-carbamoyladenosine; IgE, 
immunoglobulin E; IL-8, interleukin-8; Kg, dissociation constant of 
antagonist-receptor complex; L-249313, 6-carboxymethyl-5,9-dihydro- 
9-methyl-2-phenyl-[l,2,4]-triazolo-{5,l-a}-[2,7]-naphthyridine; L- 
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MRS 1097, 3,5-diethyl 2-methyl, 6-phenyl-4-[2-[phenyl-(trans)-vinyl]- 
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boxylate; MRS 1222, 3,5-diethyl 2-methyl-4-[2-(4-nitrophenyl)-(£:)- 
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ethylcarboxamidoadenosine; NO, nitric oxide; R-PIA, (R)-N^- 
phenylisopropyladenosine; S-PIA, (S)-N^-phenylisopropyladenosine; 
SCH 58261, 5-amino-7-(phenylethyl)-2-(l-furyl)-pyrazolo[4,3-e]-l,2,4- 
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N^-(5'-endohydroxy)-endonorbornan-2-yl-9-methyladenin; XAC, 
xanthine amine congener; ZM 241385, 4-(2-[7-amino-2-)2-furyl(triazolo 
{2,3-a}- [1,3,5] triazin-5-ylaminolethyl)phenol . 
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underscore areas in which more progress is needed. We 
discuss some of the characteristics of A^, A2A) and A3 
receptors only to highhght their similarities and differ- 
ences with AgB receptors. Recent reviews on specific 
adenosine receptor subt3^es can be found elsewhere 
(Linden, 1991, 1994; Dalziel and Westfall, 1994; 
Fredholm, 1995; Palmer and Stiles, 1995; Sebastiao and 
Ribeiro, 1996; Daval et al,, 1996; Ongini and Fredholm, 
1996). 

11. Classification of Adenosine Receptors 

The properties of extracellular adenosine as a protec- 
tive autacoid have been known since the study of its 
cardiovascular effects conducted in 1929 by Drury and 
Szent-Gyorgyi (1929). The purinergic receptors that me- 
diate the effects of adenosine were classified as Pj re- 
ceptors, whereas the receptors activated by nucleotides 
like adenosine 5c-triphosphate (ATP) were classified as 
P2 receptors (Burnstock, 1978). Adenosine receptors 
were found to modulate intracellular levels of adenosine 
3c,5c-cyclic monophosphate (cAMP) and were initially 
subdivided into A^ and Ag subt3^es based on their abil- 
ity to inhibit or stimulate adenyl cyclase, respectively 
(van Calker et al., 1979; Londos et al., 1980). The alter- 
native classification of adenosine receptors as Ri and R^ 
(Londos et aL, 1980) was replaced by the Aj and A2 
terms (van Calker et al, 1979). The further division of 
A2 receptors into two subtypes was proposed originally 
by Daly et al. (1983) based on the finding of high-affinity 
A2 receptors in rat striatxnn and low-affinity A2 recep- 
tors throughout the brain, both of which activated ade- 
nyl cyclase. The existence of subtypes of A2 receptors 
was also suggested by the finding, independently re- 
ported by Elfman et al. (1984), of high-affinity A2 recep- 
tors in cultiu'ed neuroblastoma cells and low-affinity A2 
receptors in glioma cells. These high- and low-affinity 
receptor subt5rpes were later designated as A2A and Age, 
respectively (Bruns et al., 1986). The classification of P^ 
receptors has been validated by the recent success in 
molecular cloning and expression of all three anticipated 
Aj, A2A, and A2B adenosine receptors and the previously 
unrecognized A3 receptor (Maenhaut et al., 1990; Libert 
et al., 1991; Zhou et al., 1992; Rivkees and Reppert, 
1992; Pierce et al., 1992). This classification has been 
endorsed by lUPHAR Committee on Receptor Nomen- 
clature and Drug Classification (Fredholm et al., 1994, 
1996b, 1997). 

ni. Molecular Characterization of AgB Receptors 

Adenosine A2B receptors were cloned from rat hypo- 
thalamus (Rivkees and Reppert, 1992), human hip- 
pocampus (Pierce et al., 1992), and mouse mast cells 
(Marquardt et aL, 1994), emplojdng standard polymer- 
ase chain reaction techniques with degenerate oligonu- 
cleotide primers designed to recognize conserved regions 
of most G protein-coupled receptors. The human A2B 
receptor shares 86 to 87% amino acid sequence homol- 



ogy with the rat and mouse A2B receptors (Rivkees and 
Reppert, 1992; Pierce et aL, 1992; Marquardt et al., 
1994) and 45% amino acid sequence homology with hu- 
man Al and A2A receptors (fig. 1). As expected for closely 
related species, the rat and mouse AgB receptors share 
96% amino acid sequence homology. By comparison, the 
overall amino acid identity between Aj receptors fi^om 
various species is 87% (Palmer and Stiles, 1995). Asa 
receptors share 90% of homology between species 
(Ongini and Fredholm, 1996), with most differences oc- 
curring in the 2^^ extracellular loop and the long C- 
terminal domain (Palmer and Stiles, 1995). The lowest 
(72%) degree of identity between species is observed for 
A3 receptor sequences (Palmer and Stiles, 1995). Differ- 
ences in amino acid sequence of adenosine receptors 
between species may result in distinct pharmacological 
characteristics. For example, the rat A^ receptor has a 
rank order of potency (R)-N^-phenylisopropyladenosine 
(R-PIA) > 5'-N-ethylcarboxamidoadenosine (NECA) > 
(S)-N®-phenylisopropylaolenesine (S-PIA), and the bo- 
vine Al receptor has a potency order R-PIA > S-PIA > 
NECA (Klotz et al., 1991), whereas the canine A^ recep- 
tor binds NECA with a higher affinity than that of 
R-PIA (Tucker and Linden, 1993). The differences be- 
tween amino acid sequences of A3 receptors are reflected 
in the insensitivity of the rat A3 receptor to antagonism 
by methylxanthines (Zhou et al., 1992), a phenomenon 
that is not observed in the human or sheep A3 receptor 
(Linden et al., 1993; Salvatore et al., 1993). These inter- 
species differences between adenosine receptors explain 
why the adenosine agonist xanthine amine congener 
(XAC) is a selective A^ agonist in the rat, but not in the 
human or rabbit (Jacobson et al., 1992; Jacobson and 
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Fig. 1. Comparison of amino acid sequences of human (M97759) 
(Pierce et al., 1992), rat (M91466) (Stehle et al., 1992), and mouse 
(U05673) (Marquardt et al., 1994) receptors. Dashed lines indi- 
cate amino acid identity. Predicted transmembrane spanning do- 
mains are highlighted and indicated by roman numerals. 
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Suzuki, 1996). Few comparisons have been made be- 
tween receptors from different species. No differ- 
ences in pharmacological profiles were found between 
receptors from fibroblasts of murine and human 
origin (Bruns, 1981; Brackett and Daly, 1994) or be- 
tween human receptor expressed in Chinese ham- 
ster ovary (CHO) cells and guinea pig brain recep- 
tors (Alexander et al., 1996). 

The proposed membrane structure of A2B receptors is 
typical of G protein- coupled receptors, with seven trans- 
membrane domains connected by three extracellular and 
three intracellizlar loops, and flanked by an extracellular 
N-terminus and an intracellvdar C-terminus (Rivkees and 
Reppert, 1992; Pierce et al., 1992; Marquardt et al., 1994; 
fig. 2). The highest degree of identity in amino add se- 
quences between A2B receptors of different species is foxind 
in the transmembrane domains (fig. 1). The 2""^ extracel- 
Ivdar loop of the hxunan, mouse, and rat AgB receptors 
contains two potential N-glycosylation sites (Rivkees and 
Reppert, 1992; Pierce et al., 1992; Marquardt et al., 1994). 
It should be noted that enzymatic treatment failed to dem- 
onstrate N-glycosylation of A2B receptors in T84 epithelial 
cells (Puffinbarger et al., 1995). However, it is not clear 
whether A2B receptors are glycosylated in other cells or 
glycosylation can alter Ags function. A^ receptors were 
found to be glycosylated in canine striatvun and liver mem- 
branes (Palmer et al., 1992), but the binding characteris- 
tics of A2A receptors for 4-[(N-ethyl-5'-carbamoyladenos-2- 
yl)-aminoethyl]-phenylpropionic acid (CGS 21680) appear 
to be the same in both glycosylated or imglycosylated forms 
of the receptor expressed in COS M6 cells (Piersen et al., 
1994). 

The predicted molecular mass of A2B receptors is sim- 
ilar to that of Al and A3 receptors (36-37 kDa), whereas 
A2A receptors have a larger predicted size (45 kDa). The 
greater molecular mass of the A2A receptor is explained 
by the presence of a longer intracellular C-terminus. 




Fig. 2. Amino acid sequence of the human A2B receptor. The 
receptor is drawn according to the seven-membrane spanning motif 
common to the G protein-coupled receptor superfamily. Possible sites 
of N-linked glycosylation on the 2°** extracellular loop are high- 
lighted. 



Together with the 3^^ intracellular loop, the intracellu- 
lar C-terminus is thought to be involved in the coupling 
of A2A receptors to G proteins (Palmer and Stiles, 1995). 
To date, no mutational analysis of A2B receptor-G pro- 
tein coupling has been reported. However, some paral- 
lels could be drawn from studies using chimeric A1/A2A 
adenosine receptors (Tucker et al., 1996; Olah, 1997). 
Using this approach, it has been shown that the amino 
terminal portion of the 3''^ intracellular loop of the A2A 
receptor determines its selective coupling with Gg (Olah, 
1997). This 15-mer portion of the A2A receptor shares 
57% amino acid sequence homology with the A2B recep- 
tor, both of which are coupled to Gg, and only 27% with 
the Al receptor, which is not coupled to Gg (fig. 3). In 
addition, the nature of the amino acids in the 2""^ intra- 
cellular loop may indirectly modulate A2A receptor cou- 
pling. In particular, lysine and glutamic acid residues in 
that portion of the molecule were found to be necessary 
for efficient A2A adenosine receptor-Gg coupling (Olah, 
1997). These amino acid residues are also present in the 
A2B receptor. The long intracellizlar C-terminal tail of 
the A2A receptor, which represents a major structural 
difference with the A2b» does not appear to be involved in 
the determination of receptor coupling to Gg protein. The 
removal of the C-terminal tail of the A2A receptor, or its 
replacement with a cytoplasmic tail of the A^ receptor, 
does not impair stimulation of adenyl cyclase when 
these truncated or chimeric receptors are expressed in 
CHO cells (Tucker et al., 1996; Palmer and Stiles, 1997; 
Olah, 1997). The data generated firom these studies, 
however, leave the possibility that this region can still 
play a role in the modulation of the coupling of A2A 
receptors to G proteins. For example, it was suggested 
that the C-terminal tail confers the A2A receptors' ability 
to couple tightly to Gg, a feature considered to be unique 
for this receptor subtype (Nanoff et al., 1991). 

Second intracellular loop 

104 ---LRVK KMV--PR- Huwan 

101 DRYIAIRIPLRYNGLVTGTR Human 

102 ---L--CV KS---"- Human A^B 

Third Intracellular loop 

202 BV- YLI -K- -NKK** VSASSGDPQKYYGKELKI - - Human A, 

199 RI FBAARRQDKQMES QPLPGERARSTLQKEVHAAK Human A^^ 

204 K---v-c---QRT-LM****DHS-T---R-i Human A^g 

Intracellular C-terminal tail 

291 --QK--VJ--L--WND-PRC-PA-PIDEDLPEERPDD Human A j 

291 RIREPRQ^FRKI IRSHVLRQQEPFKAAGTSARVLAAHGSVGEQ Human A^ 

293 -N-D--Y--H---SRYL-C-ADVKSGN-QAGVQP-LGVGL Human A^ 

VSLRLNGHPPEVWANGSAPHPERRPNGYALGLVSGGSAQESQG Human A^ 

NTGLPDVELLSHELKRVCPEPPGLDDPLAQDGAGVS Human A^j^ 

Fig. 3. Comparison of amino acid sequences of 2"** and 3*"^ intra- 
cellular loops and C-terminus of human AgA receptors, with corre- 
sponding regions of human and Ajb receptors. Dashed lines 
indicate amino acid identity. Asterisks represent gaps in the se- 
quence introduced to highlight amino acid homologies. The amino 
acid residues discussed in the text are highlighted. 
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Mutational studies of receptors revealed that a 
threonine residue (Thr^®^) of the C-terminal tail of the 
receptor, located in proximity to the seventh trans- 
membrane span (fig. 3), is essential for the development 
of rapid agonist-mediated desensitization (Palmer and 
Stiles, 1997). This amino acid residue is also present in 
the himian receptor (Thr^°^), but its role in receptor 
desensitization has not been explored. Although the 
mechanisms of desensitization are not completely iden- 
tified, it is of interest that rapid desensitization of A2A as 
well as A2B receptors can be mediated by G protein- 
coupled receptor kinase 2 (Mundell et al., 1997). It 
should be noted that A2B receptors can be coupled to 
other intracellular signaling pathways in addition to Gg 
and adenyl cyclase. The similarities and differences in 
A2B and A2A receptor coupling to G proteins warrant 
studies involving mutational analysis of A2B receptors, 
and possibly chimeric P^2aI^2b receptors, to better un- 
derstand determinants of A2B-G protein coupling. 

The human A2B receptor gene was mapped to chromo- 
some 17pll.2-pl2 (Jacobson et al., 1995; Townsend-Ni- 
cholson et al,, 1995). A single intron interrupts the cod- 
ing sequence of the human A2B receptor gene in a region 
corresponding to the 2"^** intracellular loop between 
Leu^^^and Arg^^^ (Jacobson et aL, 1995). In this respect, 
the human A2B receptor gene is similar to the other 
human adenosine receptor genes in that it also contains 
a single intron in its coding sequence (Ren and Stiles, 
1994; Peterfreund et al., 1994; Murrison et aL, 1996). 
Some G protein-coupled receptors are known to have 
multiple introns in the coding sequences of their corre- 
sponding genes. Alternative splicing of their primary 
transcripts results in heterogeneity in protein se- 
quences, as observed with EP3 prostanoid receptors 
(Neglishi et aL, 1995), D2 dopamine receptors (Giros et 
al., 1989), lutropin/choriogonadotropin receptors (Aat- 
sinki et aL, 1992), and fibroblast growth factor receptors 
2 (Dell and Williams, 1992). The presence of only one 
intron within the coding region of the human A2B recep- 
tor gene precludes structural variations of A2B receptors 
by alternative splicing. 

In addition to the human A2B receptor gene, an A2B 
pseudogene with 79% identity with the A2B receptor 
complementary deoxyribonucleic acid (cDNA), has been 
localized to chromosome lq32 (Jacobson et aL, 1995; 
Townsend-Nicholson et al., 1995). When compared with 
the coding sequence of the A2B receptor, the pseudogene 
contained multiple deletions, point mutations, and 
frame shifts and two in-frame stops (Jacobson et aL, 
1995). It is doubtful that with all these changes the 
pseudogene would encode a functional adenosine recep- 
tor. However, further studies are needed to determine 
whether the A2B pseudogene is transcriptionally compe- 
tent. For example, dopamine D5 pseudogene transcripts 
can be detected in hvmaan brain tissues (Nguyen et aL, 
1991). The same possibility shovdd always be considered 
in Northern blot analysis or in situ hybridization of A2B 



receptor in various tissues, because the use of sequences 
common between the functional A2B cDNA and the A2B 
pseudogene as probes could potentially lead to misinter- 
pretation of results. 

IV. Pharmacology of Receptors 

Highly selective and potent agonists have been de- 
signed for Al, A2A> and A3 receptors. These compounds 
have been important tools in the characterization of 
adenosine receptors and the determination of their func- 
tions. All four subtypes, including A2B receptors, have a 
typical order of potency for agonists (table 1; fig. 4). 
However, no selective agonist for A2B receptors has been 
foxuid so far. The adenosine analog NECA remains the 
most potent A2B agonist (Bruns, 1981; Feoktistov and 
Biaggioni, 1993, 1997; Brackett and Daly, 1994), with a 
concentration producing a half-maximal effect (EC50) for 
stimulation of adenyl cyclase of approximately 2 /iM. It 
is, however, nonselective and activates other adenosine 
receptors with even greater affinity, with an EC50 in the 
low nanomolar (A^ and A2a) or high nanomolar (A3) 
range (table 1; fig. 4). The characterization of A2B recep- 
tors, therefore, often relies on the lack of effectiveness of 
compounds that aire potent and selective agonists of 
other receptor tj^jes. A2B receptors have been character- 
ized by a method of exclusion, i.e., by the lack of efficacy 
of agonists that are specific for other receptors. The A2A 
selective agonist CGS 21680 (Webb et aL, 1992), for 
example, has been useful in differentiating between A2A 
and A2B adenosine receptors (Hide et aL, 1992; Chem et 
al., 1993; Feoktistov and Biaggioni, 1995; van der Ploeg 
et al., 1996). Both receptors are positively coupled to 
adenyl cyclase and are activated by the nonselective 
agonist NECA. CGS 21680 is virtually ineffective on A2B 
receptors but is as potent as NECA in activating A2A 
receptors, with an EC50 in the low nanomolar range for 
both agonists (Jarvis et al., 1989; Nakane and Chiba, 
1990; Webb et aL, 1992; Hide et al., 1992; Feoktistov and 
Biaggioni, 1993; Alexander et al., 1996). A2B receptors 
have also a very low affinity for the A^ selective agonist 
R-PIA (Feoktistov and Biaggioni, 1993; Brackett and 
Daly, 1994) as well as for the A3 selective agonist 
N®-(3-iodobenzyl)-N-methyl-5'-carbamoyladenosine (IB- 
MECA) (Feoktistov and Biaggioni, 1997). The agonist 
profile NECA > R-PIA = IB-MECA > CGS 21680 was 
determined in human erythroleukemia (HEL) cells for 
A2B-niediated cAMP accumulation. The difference be- 
tween EC50 for NECA and the rest of the agonists is 
approximately 2 orders of magnitude. Therefore, re- 
sponses elicited by NECA at concentrations in the low 
micromolar range (1-10 yM), but not by R-PIA, IB- 
MECA or CGS 21680, are characteristic of A2B recep- 
tors. 

Pharmacological characterization of receptors based 
on apparent agonist potencies, however, is far from 
ideal, because it depends not only on agonist binding to 
the receptor but also on multiple processes involved in 
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Non-selective 

N^jl^^ Adenosine 

HOCH,.^>I\J CH,CH^C,0^ 
OH OH 



NH 



NECA 
6.3/1 Q/[2.a00](h)/1 13 



-selective 



R-PIA 



^^X^^ 1.2/124/[160,000(h)]/158 l^X^^ 0.59/460/-n40 

\ — I OH OH 



CPA 



Aa^-selective 



OH OH 

CGS 21680 

2,600/15/[>1mM(h)l/584 



H,N(CHfliNHCO(CH,V 



APEC 



400/5.7/-/50 



selective 



IB-MECA 

54/56/l200,000(h)]/1.1 



CHB-MECA 
820/470/-/0.33 



Fig. 4. Chemical structure and radioligand binding data on the 
affinity of adenosine agonists. Ki values (nM) for rat A1/A2A/A2B/A3 
receptors are shown, except as indicated (h, human). Numbers in 
brackets represent EC50 of adenosine agonists for cAMP accumula- 
tion in HEL cells. Data compiled from Feoktistov and Biaggioni 
(1993), van Galen et al. (1994), Jacobson and Suzuki (1996), and 
Feoktistov and Biaggioni (1997). 

signal transduction. Selective antagonists are preferable 
for receptor subtype identification (Kenakin et al., 1992). 
Highly selective and potent antagonists are not yet 
available, but, whereas receptors have a lower af- 
finity for agonists compared with other receptor sub- 
types, this is not true for antagonists. The structure- 
activity relationship of AgB receptors for adenosine 
antagonists has not been completely characterized, but 
at least some xanthines are as potent antagonists at 
receptors as at other adenosine receptors (Feoktistov 
and Biaggioni, 1993; Brackett and Daly, 1994). 

The antiasthmatic drug enprofylline (3-n-propylxan- 
thine), is the most selective A2B antagonist known to 
date. In early studies, enprofylline was found to be about 
20 times more potent in blocking hippocampal A2 recep- 
tors compared with rat fat cell A^ receptors (Fredholm 
and Persson, 1982). It was initially proposed, therefore, 
that enprofylline can selectively block a subtype of A2 
receptors in the hippocampus (Fredholm and Persson, 
1982). However, enprofylline was then found to be a poor 
antagonist of A2 receptors in thjrmocytes (Fredholm and 
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Sandberg, 1983) and platelets (Ukena et al, 1985). More 
recently, enprofylline has also been found to have a low 
affinity for A3 receptors (Linden et al., 1993). These 
findings led to the conclusion that enprofylline was not 
an adenosine receptor antagonist. These original studies 
need to be reinterpreted in the light of our current 
knowledge of adenosine receptor subt5rpes. It is now 
known that accumulation of cAMP in hippocampal 
slices, which was shown to be blocked by enprofylline, is 
mediated by receptors (Lupica et al., 1990), and that 
platelets, found to be insensitive to enprofylline, express 
mainly AgA receptors (Feoktistov and Biaggioni, 1993; 
Dionisotti et al., 1996; Ledent et al., 1997). Therefore, 
previous contradictory results can now be explained by a 
selective antagonism of AgB receptors by enprofylline. 
Indeed, it was recently demonstrated that enprofylline 
is equipotent to theophylline as an A2B receptor antag- 
onist in HEL cells, with a dissociation constant of an- 
tagonist-receptor complex (Kg) of 7 /xM (Feoktistov and 
Biaggioni, 1995). An analysis of the original results in 
the hippocampus (Fredholm and Persson, 1982) reveals 
an approximate of 6 fiu. An identical for enpro- 
fylline (7 jjM) was found in CHO cells stably transfected 
with A2B using radioligand binding with [^H] 1,3 diethyl- 
8-phenylxanthine (Robeva et al., 1996), This value also 
correlated well with the Kg estimated from inhibition of 
NECA-induced cAMP generation in a similar cell model 
(23 fxM) (Alexander et al., 1996). Enprofylline is also an 
effective antagonist of A2B receptors in human HMC-1 
mast cells (Feoktistov and Biaggioni, 1995) and canine 
BR mastocytoma cells (Auchampach et al., 1996). In 
comparative radioligand binding studies on all four hu- 
man adenosine receptors permanently expressed in 
CHO cells, enprofylline has been shown to be 22-fold 
selective for A2B versus Ai, five-fold versus A2A, and 
six-fold versus A3 (Robeva et al., 1996). Enprofylline, 
therefore, can be considered a relatively selective, 
though not potent A2B antagonist. 

More potent but nonselective A2B receptor antagonists 
have been also characterized. These compounds include 

1.3- dipropyl-8-(p-sulfophenyl)xanthine (DPSPX), 1,3- 
dipropyl-8-cyclopentyLxanthine (DPCPX), and XAC 
(Feoktistov and Biaggioni, 1993; Brackett and Daly, 
1994). The xanthine antagonist DPSPX is 20-fold more 
potent at AgB receptors in HEL cells (Kg = 141 nM) 
compared with platelet AgA receptors (Feoktistov and 
Biaggioni, 1993). However, the affinity of A2B receptors 
for DPSPX (Feoktistov and Biaggioni, 1993) is similar to 
those of sheep A3 (Linden et al., 1993) and rat A^ (Ukena 
et al., 1986) receptors. Among nonxanthine compounds, 

2.4- dioxobenzo[g]pteridine (alloxazine) was reported to 
be nine-fold more potent as an antagonist of A2B recep- 
tors in VA13 and NIH 3T3 cells compared with A2A 
receptors in PC 12 cells (Brackett and Daly, 1994; fig. 5). 

A2B receptors are frequently found with other adeno- 
sine receptor subtypes in the same tissue, and are even 
coexpressed in the same cells. Recent advances in the 



development of selective A^, A2A, and A3 antagonists 
(table 1; fig. 5) provide a new approach to the study of 
A2B receptors; the nonselective agonist NEC A can be 
used in conjunction with highly selective antagonists of 
other adenosine receptor subtypes to selectively stimu- 
late A2B receptors. The ability to selectively block other 
adenosine receptors is particularly useful in situations 
in which they are present with A2B receptors. 

The first selective antagonist DPCPX was discov- 
ered by two independent groups of investigators (Mar- 
tinson et al., 1987; Bruns et al., 1987) and has become 
the reference A^ receptor antagonist. It is highly selec- 
tive for Al versus A2A (80- to 500- fold across species) 
(Jacobson et al., 1992; Robeva et al., 1996). In recent 
radioligand binding studies involving all four human 
recombinant adenosine receptors, DPCPX has been con- 
firmed to be 20-fold selective for Ai versus A2B (Robeva 
et al., 1996). Selective blockade of Aj receptors with 
DPCPX was successfully used to reveal functional A2B 
receptors in tissues coexpressing both A^ and A2B recep- 
tors (Mogul et al., 1993; Murthy et al., 1995; Nicholls et 
al., 1996). Other compoxmds have been identified with 
even greater selectivity for the A^ receptor; C^-(N-meth- 
ylisopropyl)-amino-N^-(5 -endohydroxy)-endonorbor- 
nan-2-yl-9-methyladenin (WRC-0571) binds to human 
Al receptors with a of 3 nM and to human A2B recep- 
tors with a Ki of 19 ^M. This compound, therefore, is 
approximately 6300-fold selective for A^ versus A2B 
(Robeva et al., 1996). 

Among the new generation of AgA antagonists, 4-(2- 
[7-amino-2-)2-furyl(triazolo {2,3-a}-[l,3,5]triazin-5- 
ylamino]ethyl)phenol (ZM 241385) was reported to be 
30- to 80-fold selective for 

A2A versus A2B (Poucher et al., 
1995). Another antagonist, 5-amino-7-(phenylethyl)-2- 
(l-furyl)-pyrazolo[4,3-e]-l,2,4-triazolo[l,5-c]pyrimidine 
(SCH 58261), has a high affinity (Kj = 0.7-2.2 rm) for 
A2A receptors (Belardinelli et al., 1996; Lindstrom et al., 
1996; Dionisotti et al., 1996; Zocchi et al., 1996a,b; 
Ongini et al., 1996; Ongini and Fredholm, 1996) but was 
found not to block NECA-induced vasorelaxation of 
guinea pig aorta, a process thought to be mediated by 
A2B receptors (Zocchi et al., 1996a). The selectivity of 
SCH 58261 for 

A2A versus A2B has been also confirmed 
in a cellular system; this compound was ineffective on 
HEL cell A2B receptors up to a concentration of 100 nM, 
whereas it inhibited the CGS 21680-induced cAMP ac- 
cumulation in HMC-1 cell (AgA receptor) with a Kg of 0.1 
nM (Feoktistov and Biaggioni, 1997). SCH 58261, there- 
fore, can be useful in the discrimination of A2B function 
in cells also coexpressing A2A receptors. This approach 
was applied to the study of adenosine receptors in the 
human mast cells HMC-1 (fig. 6). The concentration- 
response relationship of the nonselective adenosine ag- 
onist NECA for cAMP accumulation in these cells fol- 
lows a curve with a Hill slope of 0.64 ± 0.07 best fitted 
to a two-site model with an apparent pD2 of 7.69 ± 0.42 
and 5.92 ± 0.21 for the high- and low-affinity sites. 
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Fig. 5. Chemical structure and radioligand binding data on the affinity of adenosine antagonists. values (nM) for rat A1/A2A/A2B/A3 
receptors are shown, except as indicated (h, human; gp, guinea pig; s, sheep; m, mice). Numbers in brackets represent Kg of adenosine 
antagonists. Data compiled from Feoktistov and Biaggioni (1993), Brackett and Daly (1994), van Galen et al. (1994), Jacobson et aL (1996), 
Robeva et al. (1996), Jiang et al, (1996), van Rhee et al. (1996), Zocchi et al. (1996a), and Jacobson and Suzuki (1996). *, selective for rat, but 
not for human or rabbit Aj receptors (Jacobson and Suzuki, 1996). 
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Fig. 6. Selective activation of Age receptors with NECA in 
HMC-1 human mast cells coexpressing A2A and AgB receptors, made 
possible by blockade of AgA receptors with the selective antagonist 
SCH 58261 (Feoktistov and Biaggioni, 1997). See text for details. 



respectively. Upon complete blockade of receptors 
with 100 nM SCH 58261, the concentration-response 
curve of NECA was transformed into a typical sigmoid 
cuxve with a Hill slope of 0.93 ± 0.06 and a pDg of 5.68 ± 
0.03, consistent with activation of receptors. Block- 
ade of A2A receptors in the same cells with SCH 58261 
did not affect NECA-induced calcium mobilization, con- 



firming that this process is mediated solely via A2B 
receptors (Feoktistov and Biaggioni, 1997), as it has 
been previously suggested on the basis of the lack of 
CGS 21680 effectiveness (Feoktistov and Biaggioni, 
1995). 

Recently, several antagonists with A3 selectivity ver- 
sus Al and A2A receptors have been introduced. These 
compounds include the flavonoid derivative 3,6-dichloro- 
2'-isopropyloxy-4'-methylflavone (MRS 1067) and the 
dihydropyridine derivatives 3-ethyl 5-benzyl 2-methyl- 
phenylethynyl-6-phenyl-l,4(±)dihydropyridine-3,5- 
dicarboxylate (MRS 1191), 3,5-diethyl 2-methyl-4- 
[2-(4-nitrophenyl)-(£!)-vinyl-6-phenyl-l,4-(±)-dihydro- 
pyridine-3,5-dicarboxylate (MRS 1222), and 3,5-diethyl 
2-methyl, 6-phenyl-4- [2- (phenyl-(trans)-vinyl] - 1,4(± )di- 
hydropyiridine-3,5-dicarboxylate (MRS 1097) (fig. 5), 
which are selective for the human A3 receptor by a factor 
of 45- to 1700-fold, versus rat Aj and A2A receptors, as 
determined from radioligand binding studies (Jiang et 
al., 1996; Karton et al., 1996; van Rhee et al., 1996). It 
should be noted, however, that the highest degree of 
selectivity for these compounds is observed when their 
effects on human A3 receptors are compared with their 
effects on rat A-^ and A2A receptors. For example, MRS 
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1191 was selective for the human A3 receptor by factor of 
1300-fold, whereas for the rat A3 receptor, the selectivity 
was only 11-fold versus the rat A^ receptor (Jiang et al., 
1996). Among other compounds, the triazolonaphthyri- 
dine derivative 6-carboxymethyl-5,9-dihydro-9-methyl- 
2-phenyl-[l,2,4]-triazolo-{5,l-a)-[2,7]-naphthyridine (L- 
249313) (fig. 5) is highly potent on human A3 receptors 
(Ki =13 nM), but not on rat A3 receptors (K^ = 58 /xm). 
The thiazolopyrimidine derivative 3-(4-methox5rphenyl)- 
5-amino-7-oxo-thiazolo-[3,2]-pyrimidine (L-268605) was 
also shown to be a potent antagonist on human A3 re- 
ceptor (Ki = 18 nM). Both compounds are highly selective 
for the human A3 receptor versus the human A^ (>300- 
fold) and AgA (> 1400-fold) receptors (Jacobson et al., 
1996). Unfortunately, A2B receptors have not been in- 
cluded when characterizing the selectivity of A3 antag- 
onists. Additional studies of A3 antagonists with respect 
to A2B receptors are required to verify whether they can 
be usefvd to discriminate between A3 and A2B-i^ediated 
effects. 

In summary, potent and selective agonists and antag- 
onists are available for all adenosine receptors except for 
the A2B subt)^e. The characterization of A2B receptors 
has been based on apparent potencies of agonists selec- 
tive to other adenosine receptor subt5^es. The develop- 
ment of selective A^, A2A, and A3 antagonists provides a 
new approach when used in conjunction with the nonse- 
lective agonist NEC A to selectively stimulate A2B recep- 
tors. This approach is particularly useful in tissues or 
cells expressing more than one adenosine receptor. How- 
ever, much progress in this field could be achieved by the 
development of selective AgB receptor antagonists. Be- 
cause of the low affinity of this receptor for agonists, the 
design of selective and potent A2B antagonists seems to 
be more promising than the development of selective 
agonists. 

V. Distribution of A2B Receptors 

The generation of cDNA for A2B receptors has made 
possible the identification of the tissue distribution of 
this receptor subtj^e. A2B receptor messenger ribonu- 
cleic acid (mRNA) was originally detected in a limited 
number of rat tissues by Northern blot analysis, with 
the highest levels fovmd in cecum, bowel, and bladder, 
followed by brain, spinal cord, lung, epididymis, vas 
deferens, and pituitary (Stehle et al., 1992). The use of 
more sensitive reverse transcriptase-pol3mierase chain 
reaction techniques revealed a ubiquitous distribution of 
A2B receptors. mRNA encoding Ags receptors was de- 
tected at various levels in all rat tissues studied, with 
the highest levels in the proximal colon and lowest in the 
liver (Dixon et al., 1996). In situ hybridization of A2B 
receptors showed widespread and uniform distribution 
of A2B mRNA throughout the brain (Stehle et al., 1992; 
Dixon et al., 1996). The expression of A2B receptors in a 
variety of hximan and murine tissues has been con- 



firmed by Western blotting and by immunostaining with 
an anti-A2B receptor antibody (Puffinbarger et al., 1995). 

Pharmacological identification of A2B receptors, based 
on their low affinity and characteristic order of potency 
for agonists, also indicates a widespread distribution of 
A2B receptors. In brain, functional A2B receptors are 
found in neurons (Mogul et al., 1993; Okada et al., 1996; 
Kessey et al., 1997) and glial cells (van Calker et al., 
1979; Elfman et al., 1984; Hosh and Hosh, 1988; Altiok 
et al., 1992; Peakman and Hill, 1994, 1996; Fiebich et 
al., 1996a). Although there is no evidence that A2B re- 
ceptor are present in microglia (Fiebich et al., 1996b), 
there is ample data that show that they are expressed in 
astrocytes and in different glioma cell lines (Elfman et 
al., 1984; Hosh and Hosh, 1988; Altiok et al., 1992; 
Peakman and Hill, 1994, 1996; Fiebich et al., 1996a). 
The expression of A2B receptors in glial cells, which 
represent a majority of the brain cell population, can 
explain the original observation that slices from all 
brain areas examined showed an adenosine-stimulated 
cAMP response (Sattin and Rail, 1970; Daly, 1976). 

Functional A2B receptors have been found in fibro- 
blasts (Brackett and Daly, 1994) and various vascular 
beds (Martin, 1992; Martin et al., 1993; Chiang et al., 
1994; Martin and Potts, 1994; Haynes et al., 1995; Ru- 
bino et al., 1995; Prentice and Hourani, 1996; Dubey et 
al., 1996b). Contamination with these cells may also 
contribute to the widespread pattern of A2B receptor 
distribution in all organs. This possibility should always 
be considered, especially when data from crude tissue 
preparations are analyzed. The presence of functional 
A2B receptors also has been demonstrated in hematopoi- 
etic cells (Feoktistov and Biaggioni, 1993; Porzig et al., 

1995) , mast cells (Marquardt et al., 1994; Feoktistov and 
Biaggioni, 1995), myocardial cells (Liang and Haltiwan- 
ger, 1995), intestinal epithelial (Strohmeier et al., 1995) 
and muscle cells (Murthy et al., 1995; NichoUs et al., 

1996) , retinal pigment epithelium (Blaz3aiski, 1993; 
Gregory et aL, 1994), endothelium (Iwamoto et al., 
1994), and neurosecretory cells (Casado et al., 1992; 
Gharib et al., 1992; Mateo et al, 1995). 

Coexpression of A2B receptors together with other 
adenosine receptors has been reported in various cell 
preparations and cell lines. Fimctionally coupled A2B 
and A2A receptors are coexpressed in rat pheochromocy- 
toma PC12 cells (Hide et al., 1992; Chem et al., 1993; 
van der Ploeg et al., 1996), T-cell leukemia Jurkat cells 
(van der Ploeg et al., 1996), mouse bone marrow-derived 
mast cells (Marquardt et al., 1994), human mast HMC-1 
cells (Feoktistov and Biaggioni, 1995), hvmian aortic en- 
dothelial cells (Iwamoto et al., 1994), human umbilical 
vein endothelial cells (Feoktistov and Biaggioni, unpub- 
lished observations), and human neutrophil leukocjrtes 
(Fredholm et al., 1996c). mRNA encoding A2A, AgB) and 
A3, but not Al receptors, have been found in rat RBL 
2H3 mast cells (Ramkumar et al., 1993; Marquardt et 
al., 1994). 
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Functional receptors can also be coexpressed with 
and/or AgB receptors. In most cases, a selective 
blockade of Aj receptors is required to unmask func- 
tional A2B receptors. This approach was successfully 
used in dispersed guinea pig small intestinal muscle 
cells (Murthy et al., 1995), in rat duodenum longitudinal 
muscle muscvdaris mucosae cells (NichoUs et al., 1996), 
and in guinea pig p3Tramidal neurons from the hip- 
pocampal CAS region (Mogul et al., 1993). Similarly, 
uncoupling of A^ receptor using pertussis toxin unmasks 
the presence of A2A and A2B receptors in ventricular 
myocjrtes (Liang and Haltiwanger, 1995). By contrast, it 
was not necessary to block A^ receptors in various glial 
cells to observe either A2A or AgB receptor-mediated 
stimulation of adenyl cyclase (Elfman et al., 1984; Altiok 
et aL, 1992; Peakman and Hill, 1994, 1996; Fiebich et 
al., 1996a). Also, the balance between A^- and A2-medi- 
ated responses can be modulated. For example, cortico- 
steroid treatment of DDT^ MF2 smooth muscle cells 
increased Ai receptor number and signahng and de- 
creased A2 receptor signaling (Gerwins and Fredholm, 
1991). A similar decrease in the A2B signaling upon 
dexamethasone treatment was also reported in Jurkat 
cells (Svenningsson and Fredholm, 1997). 

Coexistence of different adenosine receptor types in 
cells obtained from primary tissue cultures (Iwamoto et 
al., 1994; Peakman and Hill, 1994, 1996) may be attrib- 
uted to the presence of different subpopulations of cells, 
each one expressing a single type of adenosine receptor. 
However, studies on established cell lines (Hide et al., 
1992; Feoktistov and Biaggioni, 1995; van der Ploeg et 
al., 1996) have confirmed the coexpression of adenosine 
receptors in a single target cell. Moreover, studies per- 
formed on single cells have also demonstrated the pres- 
ence of more than one adenosine receptor subtype (Liang 
and Morley, 1996; Strickler et al., 1996), including A2B 
receptors (Liang and Haltiwanger, 1995). 

Coexpression of A2B and A2A receptors has been dem- 
onstrated even in clonal cell lines originally used to 
describe prototypic A2A (PC 12 cells) and A2B receptors 
(Jurkat cells) (van der Ploeg et al., 1996). These cells 
predominantly express A2A and A2B receptors, respec- 
tively, and the presence of the other receptor type was 
recognized only after carefully conducted studies using 
differential responses to a series of 2- substituted aden- 
osine analogs (Hide et al., 1992; van der Ploeg et al., 
1996). It is entirely possible, therefore, that more exam- 
ples of cells coexpressing adenosine receptors may be- 
come apparent after selective adenosine antagonists are 
applied in the characterization of these cells. 

The functional meaning of this simultaneous expres- 
sion of multiple adenosine receptor subtypes in a single 
target cell is not known. Because A^ and A2A receptors 
have a higher affinity for adenosine, in many cellular 
systems, these receptors need to be blocked before A2B- 
mediated effects are apparent (Mogul et al., 1993; Liang 
and Haltiwanger, 1995; Murthy et aL, 1995; NichoUs et 



al., 1996; Kessey et al., 1997; Feokstistov and Biaggioni, 
1997). This, however, is not always the case. Both A^ and 
A2B receptors are present in gUal cells of rat astrocytes, 
and stimulation of A2B receptors with the nonselective 
agonist NECA induces cAMP accumulation that is evi- 
dent even in the presence of A^ receptors (Elfman et al., 
1984; Altiok et al., 1992; Peakman and Hill, 1994, 1996; 
Fiebich et al., 1996a). It is possible that the relative 
importance of A2B receptors is greater in situations in 
which high interstitial levels of adenosine are reached, 
e.g., in tissues in which metabolic demands are in- 
creased or oxygen supply is decreased, whereas the high 
affinity Aj and AgA receptors may modulate cellular 
functions in response to lower concentrations of this 
autacoid. The recent recognition that in cells coexpress- 
ing other adenosine receptors, A2B receptors can be cou- 
pled to distinct intracellular pathways (Feoktistov and 
Biaggioni, 1995), may also provide the basis for a differ- 
ential physiological role. 

VI. Intracellular Pathways Regulated by 
Receptors 

It is generally accepted that A2A and A2B receptors are 
coupled to Gg proteins, because both activate adenyl 
cyclase in virtually every cell in which they are ex- 
pressed. Although activation of adenyl cyclase is argu- 
ably an important signaling mechanism for A2A recep- 
tors, this is not necessarily the case for A2B receptors, as 
other intracellular signaling pathways have been found 
to be functionally coupled to Age receptors in addition to 
adenyl cyclase (fig. 7). 

Recombinant rat A2B receptors expressed in Xenopus 
oocytes activate calcium-dependent chloride conduc- 
tance presumably by stimulation of phospholipase C 
(Yakel et al., 1993). Likewise, it has been proposed that 
A2B receptors stimulate phospholipase C in mouse bone 
marrow-derived mast cells (Marquardt et al., 1994). 
Regulatory proteins of the Gq family are thought to play 
a role in the coupling of A2B receptors to ^-phospholipase 
C in human mast HMC-1 cells (Feoktistov and Biag- 
gioni, 1995) and canine BR mastocytoma cells (Aucham- 
pach et al., 1996), because this process is unaffected by 
treatment with pertussis or cholera toxins. A2B receptor- 
mediated stimulation of jS-phospholipase C results in 
mobilization of intracellular calcium in HMC-1 cells and 
eventually promotes synthesis of interleukin-8 (IL-8) 
(Feoktistov and Biaggioni, 1995; fig. 7a). In contrast to 
A2B receptors, there is no evidence that A2A receptors 
can stimulate phospholipase C under physiological con- 
ditions, even though cotransfection of human AgA recep- 
tors with murine Gajg and himian Ga^Q, but not with 
Gttq, Gail or Gai^, results in A2A-iiiediated stimulation 
of phospholipase C in COS-7 cells (Offermanns and Si- 
mon, 1995). However, promiscuous coupling of Ga^g and 
Gttie has been observed when these G proteins are co- 
expressed with receptors which are otherwise not nor- 
mally coupled to phospholipase C (Milligan et al., 1996). 
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Fig. 7. Schematic representation of intracellular pathways cou- 
pled to adenosine receptors in various ceils. A2B receptors are 
coupled to adenyl cyclase (AC) in all cells shown. Activation of this 
pathway results in accumulation of cAMP and stimulation of protein 
kinase A (PKA). (A) A2B receptors are coupled to phosphatidylinos- 
itol-specific phospholipase C (PI-PLC) via a G protein of the Gq 
family [G(^^^} in mast cells (Marquardt et aL, 1994; Feoktistov and 
Biaggioni, 1995; Auchampach et al., 1996). Activation of this path- 
way results in increase in diacylglycerol (DAG) and inositol trisphos- 
phate (IP3). Diacylglycerol stimulates protein kinase C (PKC). Ino- 
sitol trisphosphate activates mobilization of calcium from 
intracellular stores. (B) A2B receptors potentiate calcium influx di- 
rectly by coupling with G^ protein in HEL cells (Feoktistov et al., 
1994). (C) In contrast, AgB receptors potentiate calcium influx via 
cAMP and activation of protein kinase A in pyramidal neurons from 
the CA3 region of guinea pig hippocampus (Mogul et al., 1993). 

Also, expression of Gaig and Ga^e is limited only to a 
subset of hematopoietic cells (Amatruda et al., 1991; 
Wilkie et aL, 1991). 

Stimulation of receptors also increases intracellu- 
lar calcium in HEL cells but not through a mechanism 



involving phospholipase C activation (fig. 7b). In con- 
trast to the cholera toxin- and pertussis toxin-insensi- 
tive mobilization of intracellular calcium observed in 
HMC-1 mast cells, Age receptors facilitate calcium in- 
flux through a cholera toxin-sensitive mechanism in 
HEL cells. This effect was observed only when intracel- 
lular calcium levels were elevated, either by receptor- 
dependent (e.g., by thrombin) or -independent (e.g., 
thapsigargin) mechanisms. Even though this process is 
coupled to Gg-proteins, it is cAMP-independent. It has 
been suggested that aGg, coupled to A2B receptors, can 
directly stimulate a putative calcium channel (Feoktis- 
tov et al., 1994), as proposed for other Gg-coupled recep- 
tors (Imoto et al., 1988; Scamps et al., 1992). 

Of interest, a similar mechanism has been suggested 
for A2A receptors in fetal chicken ventricxilar myocar- 
dium cells. These cells coexpress A2A and receptors, 
and both are positively coupled to stimulation of adenyl 
cyclase and myocyte contractility (Liang and Haltiwan- 
ger, 1995). Selective activation of AgA receptors with 
CGS 21680 results in cAMP-independent calcitun entry 
in pertussis toxin-treated cells. This effect does not in- 
volve simulation of phospholipase C and was blocked by 
the selective A2A antagonist 8-(3-chlorost)ayl)caffeine 
(Liang and Morley, 1996). This study did not explore the 
possibility that AgB receptors share a common mecha- 
nism of Gg-mediated stimulation of calcium entry with 
A2A receptors. This could be tested by using the nonspe- 
cific A2 agonist NECA in the presence of a selective A2A 
antagonist such as SCH 58261. 

In another example of positive modulation of intracel- 
lular calcivun, it has been reported that activation of A2B 
receptors results in significant potentiation of P-t3^e, 
but not N-type, calcium currents in pyramidal neurons 
fi:om the CAS region of guinea pig hippocampus. This 
mechanism was thought to be mediated by adenyl cy- 
clase, because this potentiation could be inhibited by 
blocking the cAMP-dependent protein kinase (Mogul et 
al., 1993; fig. 7c). 

It has recently been recognized that intracellular sig- 
naling of A2B receptors can be modulated by interaction 
with other receptor systems (Fredholm, 1995; Fredholm 
et al., 1996a; fig. 8). For example, agents that increase 
intracellular calcium or activate protein kinase C signif- 
icantly potentiate A2B-niediated cAMP production in 
various cells (HoUings worth et al., 1985; Norstedt and 
Fredholm, 1987; Fredholm et al., 1987; Norstedt et al., 
1989; Kvanta et aL, 1989, 1990; Altiok et al., 1992; fig. 
8a). On the other hand, bradykinin-stimulated calcium 
entry caused inhibition of A2B receptor-stimulated ade- 
nyl cyclase in astrocytoma D384 cells (fig. 8b), but direct 
stimulation of protein kinase C enhanced the A2B re- 
sponse (Altiok et al., 1992; Altiok and Fredholm, 1993). 
The exact mechanism of the interaction between protein 
kinase C and AgB-niediated pathways is not known, but 
it cannot be considered a unique feature of A2B recep- 
tors. For instance, activation of thrombin-induced phos- 
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Fig. 8. Modulation of Ags receptor signaling. (A) In Jurkat cells, 
stimulation of calcium entry and of protein kinase C (PKC) by T-cell 
receptor activation increases the magnitude of the cAMP response to 
stimulation of Age receptors (Kvanta et al., 1989; Fredholm et al., 
1996a). (B) In human astrocytoma cells, D384 activation of protein 
kinase C is also able to enhance Age receptor-mediated cAMP accu- 
mulation, but the stimulation of calcium entry via the bradykinin Bg 
receptor leads to inhibition of A2B receptor-mediated cAMP accumu- 
lation (Altiok and Fredholm, 1993; Fredholm et al., 1996a). 

pholipase C pathways potentiate cAMP accumulation 
stimulated by IP prostanoid receptors in HEL cells 
(Turner et aL, 1992; Feoktistov et al., 1997). It has been 
suggested that protein kinase C does not exert its effect 
at the level of the receptor but rather affects the cou- 
pling of the stimulated Gg protein with adenyl cyclase 
(Fredholm, 1995). The synergistic interaction between 
the receptors and the calcium/protein kinase C 
pathway can occur further down in the signaling cas- 
cade. Thus, receptors greatly potentiate the phorbol 
12-myristate 13-acetate-induced synthesis of IL-8 in hu- 
man mast cells (Feoktistov and Biaggioni, 1995). In T- 
lymphocytes, the T-receptor is known to activate imme- 
diate early gene transcription, leading to the activation 
of the AP-1 transcription factor (Kvanta et aL, 1992). 

receptors significantly potentiate this response, im- 
plying that cAMP, and calcitmi/protein kinase C path- 
ways, may act in concert in the regulation of gene tran- 
scription (Kontny et aL, 1992; Kvanta and Fredholm, 
1994). 

In summary, A2B receptors are coupled to adenyl cy- 
clase through Gg proteins in every cell studied. Current 
evidence suggests that the actions of A2B receptors can 
be mediated not only by cAMP, but also by other intra- 



cellular pathways that may vary between cells. Agg re- 
ceptors can couple to calcium channels through Gg, but 
additional studies are needed to determine the type of 
channel involved. Similarly, it remains to be determined 
which member of the G^ family is responsible for A2B 
receptor coupling to phospholipase C. It is of interest 
that, as far as intracellular pathways are concerned, A2B 
receptors have as much in common with A^ or A3 recep- 
tors (activation of phospholipase C), as with A2A recep- 
tors (activation of adenyl cyclase). It would be important 
to determine which domain of the A2B receptor defines 
the differences in G protein coupling between AgA and 
A2B receptors, 

VII. Physiological Functions of A2B Recept rs 

A. Control of Vascular Tone 

Adenosine-induced vasodilation has been tradition- 
ally attributed to activation of A2A receptors. However, 
the recent finding of the presence of A2B receptors in 
some vascular beds raised the possibility that they par- 
ticipate in the regulation of vascular tone. Indeed, there 
are vascular beds in which the nonselective agonist 
NECA produces profound vasodilation, but the selective 
A2A agonist CGS 21680 has little effect, suggesting that 
adenosine-induced vasodilation is mediated via A2B 1"®" 
ceptors (for review, see Webb et aL, 1992). This phenom- 
enon is observed in guinea pig aorta and dog saphenous 
vein (Hargreaves et aL, 1991), and in dog coronary ar- 
teries (Balwierczak et aL, 1991). This effect is not due to 
species differences, because both AgA and AgB receptors 
may mediate vasodilation in the same species. In guinea 
pig, for instance, A2A receptors mediate relaxation of 
coronary vessels, whereas A2B receptors produce vasodi- 
lation of the aorta (Martin, 1992; Martin et aL, 1993). 
Likewise, the AgA agonist CGS 21680 lowers blood pres- 
sure in the intact dog (Levens et aL, 1991), presumably 
by inducing vasodilation, despite its lack of efficacy in 
the coronary arteries of this species. 

The vasodilatory effects of adenosine can be accoimted 
for by a direct relaxing action on vascular smooth muscle 
cells. However, recent studies have suggested that the 
endothelium contributes to, or is even essential for, the 
vasodilatory effects of intravascular adenosine. It has 
been shown that most of the labeled adenosine admin- 
istered intra-arterially is contained within endothelial 
cells, and very little escapes this endothelium trap to 
reach the underlying vascular smooth muscle (Nees et 
aL, 1985). Similarly, intravascxilar administration of 
adenosine linked to macromolecides, and therefore less 
likely to cross the endothelium, is still able to produce 
vasodilation (Olsson et aL, 1977). 

In vitro studies, however, have yielded conflicting re- 
sults as to whether the vasodilatory actions of adenosine 
are different in vascular preparation with intact or de- 
nuded endothelium (Rubanyi and Vanhoutte, 1985; Yen 
et aL, 1988; Falcone et aL, 1993; Maekawa et aL, 1994). 
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Evaluation of a putative endothelium-dependent vasodi- 
lation by adenosine is challenging in ring preparation, 
because adenosine will produce vasodilation in prepara- 
tions with or without endothelium. This is particularly 
true when stable agonists are used, because they are not 
trapped by the endothelium in the way adenosine is and 
have more ready access to the underljdng vascular 
smooth muscle. Other endothelium-dependent vasodila- 
tors will constrict vascular smooth muscle in the absence 
of endothelium (Furchgott, 1984), making their distinc- 
tion easier. Conversely, adenosine-induced vasodilation 
could conceivably produce flow-related release of nitric 
oxide (NO), giving the appearance of NO-mediated va- 
sodilation (Olsson, 1996). 

Methodological diflBculties notwithstanding, more 
fundamental differences may explain the apparent dis- 
crepancies regarding the role of the endothelium on ad- 
enosine-induced vasodilation. Given the diversity of en- 
dothelial cell types, it is possible that endothelial 
vasodilatory responses to adenosine vary between spe- 
cies, and within the same species depending on the 
vascular bed being studied. It is imclear to what degree 
endothelial Aja or receptors may contribute to these 
differences. This issue will be resolved only if studies 
that examine the endothelium-dependency of adenosine- 
induced vasodilation also define the adenosine receptor 
subtype involved. 

receptors have been shown in endothelial cells. 
Both A2B and A2A receptors regulate cAMP production 
in human aortic (Iwamoto et al., 1994) and human um- 
bilical vein (Feoktistov and Biaggioni, xmpublished ob- 
servations) endothelial cells, and A2B receptor mRNA 
has been detected in himian aortic endothelial cells 
(Iwamoto et al., 1994). Few studies have directly exam- 
ined the possible interaction between AgB receptors and 
endothelium-derived vasodilation, and results vary de- 
pending on the vascular bed studied. A2B receptors me- 
diate vasodilation in the rat mesenteric arterial bed 
(Rubino et al., 1995) and in the isolated blood-perfused 
rat lung preparation (Haynes et al., 1995). In both cases, 
A2B-niediated vasodilation seems to be independent of 
NO generation, because they were not reversed by inhi- 
bition of NO S5Tithase by N*^-nitro-L-arginine methyl 
ester (l-NAME) (Haynes et al., 1995; Rubino et al., 
1995). On the contrary, isolated rat renal artery rings 
contain A2B receptors that are located exclusively on the 
endothelium and cause NO release and vasodilation, 
because this vasodilation can be blocked with L-NAME 
and prevented by removal of the endothelium (Martin 
and Potts, 1994). Similarly, A2B receptors also appear to 
vasodilate the rabbit corpus cavernosum, and this effect 
is reduced by removal of the endothelium (Chiang et al., 
1994). 

In summary, both AgA and A2B receptors mediate 
vasodilation. The relative contribution of A2B receptors 
to adenosine-induced vasodilation is not defined. There 
are also conflicting results as to the importance of NO 



generation in adenosine-induced and A2B-induced vaso- 
dilation, but there are some examples in which the en- 
dothelivun contributes to Aas-mediated vasodilation. To 
complicate things further, in some vascular beds, ade- 
nosine-induced vasodilation is endothelium-dependent 
but does not appear to be mediated by NO because it is 
not blocked by inhibition of NO synthase, raising the 
possibility that other endothelial factors, such as endo- 
thelium-dependent hyperpolarizing factor, may be in- 
volved (Headrick and Berne, 1990). The precise nature 
of the interaction between A2B receptors and endothelial 
cells and their role in the regulation of vascular tone are 
areas where more research is needed. 

B. Cardiac Myocyte Contractility 

Adenosine has important protective effects against 
ischemia in the myocgo-dium, but these effects are 
largely attributed to A^ receptors (for review, see Olsson 
and Pearson, 1990). It has been reported recently that 
myocytes isolated from fetal chick ventricles, but not 
from the atria, possess functional A2B and A2A receptors. 
Both receptors are capable of augmenting myocardial 
contractility in this model. These adenosine effects, how- 
ever, become evident only after inhibitory Aj receptor 
pathways are inactivated with pertussis toxin (Liang 
and Haltiwanger, 1995). Presence of A2 receptors, capa- 
ble of stimulating cAMP accumulation, was demon- 
strated in cultured aduJt rodent myocardial cells after 
Al receptor blockade (Romano et al., 1989; Stein et al., 
1993; Xu et al., 1996). These results could be explained 
by a possible contamination of myocardial preparations 
with fibroblasts and endothelial cells expressing A2B 
receptors. However, studies performed on single cells 
argue against this possibility. A positive inotropic re- 
sponse mediated via A2 receptors was demonstrated in 
cultured rat and guinea pig ventricular myocytes (Stein 
et al., 1993; Xu et al., 1996; Dobson and Fenton, 1997). 
The role of myocardial Ag receptors in mediating a pos- 
itive inotropic effect remains a controversial issue (Ols- 
son, 1996), and their physiological significance is im- 
clear, given that their effects become evident only under 
blockade of A^ receptors. 

C. Modulation of Neurosecretion and 
Neurotransmission 

Adenosine is in general considered to be a depressor of 
neurons, inhibiting neurotransmitter release and other 
neuronal functions (Phillis et al., 1993a) and acts as a 
nemroprotective against ischemia (Dragunow and Faull, 
1988). Many of these inhibitory actions are mediated by 
Al receptors (Dunwiddie and Fredholm, 1989). A2 recep- 
tors, on the other hand, have been shown to mediate 
excitatory actions on the nervous system (Sebastiao and 
Ribeiro, 1996). Earlier studies did not use specific ago- 
nists or antagonists to allow a precise identification of 
the A2 receptor subt3rpe involved, and relatively little 
information is available for the A2B receptor. More re- 
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cently, several excitatory actions have been linked to the 
AgA receptor, including enhancement of the release of 
several neurotransmitters, including acetylcholine, the 
excitatory amino acids glutamate and aspartate, dopa- 
mine, and norepinephrine (for review, see Sebastiao and 
Ribeiro, 1996). However, gene knockout mice lacking 
receptors exhibit aggressive behavior and lack the 
stimulant effect of caffeine (Ledent et al., 1997), suggest- 
ing that receptors normally exert a tonic central 
depressant action. This is in agreement with several 
observations indicating a depressant effect of ago- 
nists on locomotor activity (Sebastiao and Ribeiro, 1996). 
It should be noted, however, that comparisons between 
molecular mechanisms of excitation and integrated 
physiological responses need to be done with care. For 
example, adenosine depresses sympathetic nerve activ- 
ity and blood pressure when injected into the nucleus 
tractus solitarii (Tseng et al., 1988) via activation of A2A 
receptors (Barraco et al., 1991). This apparent depres- 
sant action, however, is mediated by local stimulation of 
the release of the excitatory amino acid glutamate 
(Mosqueda-Garcia et al., 1989, 1991), mediated by A2A 
receptors (Castillo-Melendez et al., 1994). 

A2B receptors are widespread in the brain, but little is 
known about their function. There are, however, several 
examples of neuroexcitatory actions. Adenosine agonists 
increase the release of the excitatory amino acid aspar- 
tate in rat cerebral cortex cup superfusates in vivo while 
depressing the release of the inhibitory amino acid 
GABA (Phillis et al., 1993b). The agonist profile was 
suggestive of an AgB receptor, in that it was produced by 
a high concentration of N^-cyclopentyladenosine (CPA), 
but not by the A2A agonist CGS 21680. If confirmed, 
these results would suggest that A2B receptors would 
lead to greater tissue injury if activated during is- 
chemia, an action that is in sharp contrast to the postu- 
lated protective effects of A^ receptors. In this same 
model, A2B receptors also enhance basal release of ace- 
tylcholine (Phillis et aL, 1993a). 

Acutely isolated pyramidal neurons from the CA3 re- 
gion of guinea pig hippocampus contain A^ receptors 
that inhibit N-type Ca^^ currents. After blockade of A^ 
receptors, adenosine agonists potentiate a P-type Ca^"*^ 
current with a pharmacological profile consistent with 
AgB receptors, inasmuch as the A2A agonist CGS 21680 
had no effect (Mogul et al., 1993). Likewise, after A^ 
receptor blockade, A2B receptors induce long-term po- 
tentiation in the CAl region of rat hippocampus (Kessey 
et al, 1997). Although these studies were not designed 
to explore the site of action of AgB receptors, the results 
were consistent with a postsynaptic site of action. It 
should be noted that the selective A2A agonist CGS 
21680 was also found to facilitate long-term potentiation 
in the hippocampal CAl area (de Mendonca and Ribeiro, 
1994), whereas A^ receptors inhibit long-term potentia- 
tion in this area of the brain (Arai and Lynch, 1992). The 
relative importance of these contrasting pathways cou- 



pled to adenosine receptor subtjrpes remains to be de- 
fined under physiological and pathological conditions. 
Similarly, A^ receptors inhibit dopamine release in rat 
striatum, but selective blockade of A^ receptors reveals a 
stimulatory effect of A2B receptors on dopamine release 
(Okada et al., 1996). 

Adenosine also inhibits norepinephrine release from 
peripheral noradrenergic nerve terminals (Wakade and 
Wakade, 1978). This effect is thought to be mediated by 
putative presjniaptic A^ receptors (Paton, 1981), but the 
inhibition of norepinephrine release in isolated canine 
pulmonary arteries was better explained by A2B recep- 
tors, based on rank order of potencies of agonists 
(Tamaoki et al., 1997). Similarly, the pharmacological 
profile for adenosine-induced inhibition of neurotrans- 
mission in rabbit corpus cavernosum is consistent with 
that of an A2B receptor (Chiang et al., 1994). On the 
other hand, the nonselective A2 agonist NECA potenti- 
ated acetylcholine release evoked by electrical stimula- 
tion of the rat bronchial smooth muscle and was 100-fold 
more potent than the Asa agonist CGS 21680 (Walday 
and Aas, 1991). Furthermore, this process was blocked 
by 10 jULM enprofylline. The effect of exogenous acetylcho- 
line was not affected by NECA. Taken together, these 
results provide evidence for an A2B presjTiaptic receptor 
that enhances neurally mediated release of acetylcho- 
line and thereby induces contraction of bronchial smooth 
muscle (Walday and Aas, 1991). 

Adenosine also modulates release of catecholamines 
from chromaffin cells. These adrenal medxillary cells are 
imder neural control through cholinergic nicotinic recep- 
tors. No specific binding was foxind using selective li- 
gands for the or AgA receptors in chromaffin cells 
from bovine adrenal medulla, but specific binding was 
obtained using pHJNECA. These results were inter- 
preted as evidence that only A2B receptors are expressed 
in these cells (Casado et al., 1992). At high (20 ftM) 
concentrations, the nonselective agonist NECA inhibits 
catecholamine release induced by nicotinic stimulation, 
presimiably by activation of A2B receptors (Mateo et al., 
1995). This effect has an unusually slow time coiu'se and 
is seen only after 20 to 30 minutes of preincubation with 
NECA, and its physiological relevance is not clear. 

D, Cell Growth and Gene Expression 

Whereas most studies of the cardiovascular effects of 
adenosine have focused on its acute actions on vascular 
tone and adrenergic neurotransmission, recent evidence 
suggests that adenosine may also play a long-term mod- 
ulatory role in smooth muscle growth. Exogenous aden- 
osine was shown to inhibit rat aortic smooth muscle cell 
growth induced by fetal calf serum, as assessed by a 
decrease in th5rmidine incorporation and in cell number 
(Dubey et al., 1996b). These inhibitory effects were re- 
versed by the A2 receptor antagonist KF 17837, but not 
by the Aj antagonist DPCPX, and were not mimicked by 
the A2A agonist CGS 21680, suggesting that this effect is 
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mediated by AgB receptors (Dubey et al., 1996b). Activa- 
tion of adenyl cyclase is postulated as the signaling 
pathway involved, because this effect is mimicked by 
8-bromo-cAMP. These investigators later showed that 
stimulation of these vascular smooth muscle cells by 
fetal calf serum can trigger release of endogenous aden- 
osine, which then acts in an autocrine fashion to inhibit 
growth. The importance of endogenous adenosine is less 
certain, because inhibition of vascular smooth muscle 
growth by endogenous adenosine is evidenced only if 
adenosine deaminase is inhibited (Dubey et al., 1996a). 
It is postulated that this reflects a limitation of the 
experimental model, due to the presence of adenosine 
deaminase in the fetal calf serum used to stimulate 
vascular smooth muscle growth. If a role for endogenous 
adenosine is confirmed, this finding would establish a 
novel cardioprotective effect of adenosine, with rele- 
vance to vascular remodeling process observed in hyper- 
tension and atherosclerosis. 

receptors can also modulate gene expression, in 
some cases leading to inhibition of protein S5mthesis. For 
example, stimulation of A2B receptors decreases collage- 
nase gene expression in interleukin-l-stimulated cul- 
tured fibroblast-like synoviocytes, an effect apparently 
mediated by cAMP elevation (Boyle et al., 1996). In 
contrast, AgB receptors promoted the synthesis of IL-8 in 
HMC-1 mast cells by a cAMP-independent mechanism 
(Feoktistov and Biaggioni, 1995). It has been recently 
demonstrated that A2B receptors can also induce an 
increase in interleukin-6 mRNA levels and protein syn- 
thesis in the human astrocytoma cell line U373 MG 
(Fiebich et al., 1996a). The sjmergistic relationship be- 
tween A2B receptors and T-receptors, and generally be- 
tween cAMP and protein kinase C pathways in gene 
expression, has been discussed in detail elsewhere 
(Fredholm, 1995; Fredholm et al., 1996a). 

E. Regulation of Intestinal Tone and Secretion 

The high levels of A2B receptor expression found in 
different parts of the intestinal tract motivated great 
interest in defining their function. In some studies, A2B 
receptor mRNA expression is greatest in intestinal tis- 
sue among all organs (Stehle et al, 1992). It appears 
that A2B receptors may be involved in modulation of 
intestinal tone as well as intestinal secretion. Adenosine 
elicits relaxation of dispersed guinea pig longitudinal 
muscle cells from small intestine via A2B receptors cou- 
pled to adenyl cyclase but produced contraction through 
Al receptors by increasing intracellular calcium (Mur- 
thy et al., 1995). The A2B-niediated relaxation was evi- 
dent only after A^ receptor blockade, raising doubts as to 
their importance. However, blockade of Ag receptors po- 
tentiated Ai-mediated contraction, indicating that A2B 
receptors do provide a restraining function against in- 
testinal contraction. In rat duodenum, A2B receptors 
cause relaxation of longitudinal muscle but contraction 
of muscularis mucosae (NichoUs et al., 1996). This is an 



unexpected result and the first example of an excitatory 
response by A2B receptors in a smooth muscle prepara- 
tion. This tissue is also unusual in that A^ receptors 
were foxmd to produce relaxation of duodenal longitudi- 
nal muscle (NichoUs et al., 1996). Asb receptors have 
also been shown to relax guinea pig taenia ceci, based on 
the pharmacological profile of agonists (Prentice and 
Hourani, 1997). The functional relevance of the intesti- 
nal relaxant actions of A2B receptors has not been de- 
fined. Of interest, adenosine A2B receptors also mediate 
relaxation of other visceral smooth muscle such as rat 
urinary bladder (NichoUs et al., 1996) and rat vas defer- 
ens (Hourani et al., 1993). 

The effect of A2B receptors on epithelial secretion has 
received particular attention because of its potential 
relevance to diarrheal processes. As part of the patho- 
physiology of these disorders, neutrophils are recruited 
into intestinal crj^ts, where they release a soluble "neu- 
trophil-derived secretagogue" that then activates intes- 
tinal epithelium to stimvdate chloride secretion. This 
chloride secretion has the net effect of producing isotonic 
fluid secretion, an important component of diarrheal 
diseases. This neutrophil-derived secretagogue has re- 
cently been identified as AMP (Madara et al., 1993), 
which is then converted to adenosine at the epithelial 
cell surface by ecto-5 '-nucleotidase. It is adenosine that 
then acts as a paracrine mediator of chloride secretion 
(Madara et al., 1993). It was later demonstrated that 
neutrophil-derived adenosine elicits chloride secretion 
in the intestinal epithelial cell line T84 via activation of 
A2B receptors (Strohmeier et al., 1995), impljdng the 
possible involvement of this receptor subtj^e in the 
pathophysiology of diarrheal diseases. In contrast to 
these findings, A2B receptors reportedly inhibit intesti- 
nal fluid secretion induced by vasoactive intestinal pep- 
tide in rat jejunum (Hancock and Coupar, 1995). These 
results should be interpreted with caution, because re- 
ceptor characterization was done by relative potency of 
agonists and antagonists injected intravenously in anes- 
thetized rats. Definite receptor characterization cannot 
be completed until the tissue localization of these puta- 
tive A2B receptors is determined and in vitro studies are 
performed (Hancock and Coupar, 1995). The presence of 
A2B receptors in epithelial cells of human intestine has 
been demonstrated by immunohistochemistry with an 
anti-A2B receptor antibody (Puffinbarger et al., 1995), 
but more studies are needed to define their role in in- 
testinal secretion and diarrheal processes. 

F. Adenosine and Asthma 

Adenosine has been implicated in the pathophysiology 
of asthma (for review, see Church and Holgate, 1986; 
Feoktistov and Biaggioni, 1996), and several lines of 
evidence support this h3^othesis. Inhaled adenosine, or 
its precursor AMP, provokes bronchoconstriction in 
asthmatic patients (Cushley et al., 1984). This effect is 
fairly specific for patients with asthma, and even high 
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concentrations of inhaled adenosine fail to produce bron- 
choconstriction in the majority of normal subjects. 
Atopic subjects appear to be more responsive to inhaled 
AMP than they are to methacholine (Phillips et aL, 
1990), suggesting that adenosine may be a better dis- 
criminator of the disease. This preferential bronchocon- 
strictor effect in asthmatics is also observed with intra- 
venous administration of adenosine (Drake et al., 1994) 
and in isolated human bronchi (Bjorck et al., 1992). 
Dip3T^damole, a drug that blocks adenosine uptake and 
increases its extracellular concentrations, can also pro- 
duce severe bronchospasm in asthmatic patients (Eagle 
and Boucher, 1989). Moreover, theophylline provides a 
better protection against adenosine-induced broncho- 
constriction than against histamine-induced broncho- 
constriction (Mann and Holgate, 1985). 

The mechanism by which adenosine produces bron- 
choconstriction has been the focus of recent interest. In 
particular, it would be important to define the receptor 
type involved. Adenosine produces a direct constrictor 
action on isolated guinea pig trachea with an agonist 
profile consistent with A^ receptors (Ghai et aL, 1987), 
and this process is not blocked by enprofylline (Farmer 
et al., 1988). In this same preparation, however, A2 
receptors were foxmd to produce relaxation, but the re- 
ceptor subt3^e was not identified. Based on rank order 
of potencies for agonists, it was found that Aj receptors 
also mediate bronchoconstriction in an allergic rabbit 
model in vivo (Ali et aL, 1994a,b), and treatment with 
antisense oligodeoxjmucleotide targeting the adenosine 
Aj receptor desensitized the allergic rabbits to subse- 
quent challenge with either adenosine or allergen (Nyce 
and Metzger, 1997). Adenosine also constricts human 
bronchi isolated from asthmatics in vitro but not bronchi 
isolated fi:"om nonasthmatics (Bjorck et aL, 1992). The 
contractile effect of adenosine was inhibited with 2-thio- 
[(l,3-dipropyl)-8-cyclopentyl] -xanthine, and this was 
taken as evidence of an A^-mediated effect. 

The bronchoconstriction produced by inhaled adeno- 
sine in hvimans appears to be mediated through mast 
cell activation, because it can be blocked by specific 
antihistamines (Phillips et aL, 1987; Rafferty et al., 
1987) and prevented by cromoglycate and nedocromil 
sodiimi, drugs that inhibit mast cell degranulation (Phil- 
lips et aL, 1989). Furthermore, a significant rise in 
plasma levels of histamine is detected after AMP chal- 
lenge (Phillips et aL, 1990). More recently, inhaled aden- 
osine has been shown to increase levels of histamine, 
PGD2, and tryptase in bronchoalveolar lavage fluid from 
asthmatics but not firom nonasthmatics (Polosa et al., 
1995). Tr3q>tase is a highly specific marker for mast cells 
(Schwartz, 1990) and provides strong evidence that 
these cells are activated by adenosine in vivo. 

In summary, exogenous adenosine provokes asthma, 
potentiation of endogenous adenosine with dipyridamole 
also produces bronchoconstriction, and blockade of en- 
dogenous adenosine with theophylline is helpful in pre- 



venting asthma. The bronchoconstriction induced by in- 
haled adenosine is unique to asthmatics and not 
observed in nonasthmatics. Current evidence suggests 
that this phenomenon involves mast cell activation. It is 
important, therefore, to elucidate the adenosine receptor 
subtjrpe that mediates this phenomenon. 

G, Adenosine Receptors and Mast Cells 

Marquardt et al. (1978) were the first to report that 
adenosine, although ineffective alone, potentiated hista- 
mine release induced by anti-immunoglobulin E (IgE), 
concanavaUn A, compovmd 48/80, or the calcium iono- 
phore A23187 in isolated rat mast cells. The mecha- 
nisms that mediate potentiation of these cells remain 
unclear. Stimulation of adenyl cyclase by adenosine was 
blocked by methylxanthines, but potentiation of hista- 
mine release was not, suggesting that these effects were 
mediated by different adenosine receptors (Church et 
aL, 1986). 

Because potentiation of rat peritoneal mast cells is 
insensitive to methylxanthines, the possibility was 
raised that this effect is mediated by A3 receptors, be- 
cause the rat A3 receptor has remarkably low affinity for 
methylxanthines (Zhou et aL, 1992). This possibility was 
examined in the rat basophilic leukemia cell Une RBL 
2H3, which has been used as a model for rat mast cells. 
Adenosine analogs stimulated phospholipase C, in- 
creased cytoplasmic calcium, and potentiated mediator 
release in these cells with a pharmacological profile con- 
sistent with A3 receptors (Ramkumar et aL, 1993). Ex- 
pression of A3 receptors in RBL 2H3 cells was confirmed 
by radioligand binding and detection of mRNA (Ramku- 
mar et al., 1993). The effects mediated by A3 receptors in 
RBL 2H3 were blocked by pertussis toxin, suggesting a 
role of Gi-derived jSy subunits in the activation of )3-phos- 
pholipase C. Coupling of A3 receptors to G^2 Gi3 
proteins was recently reported (Palmer and Stiles, 
1995). Of interest, A2A and Ags, but not Ai receptors, 
have also been found in RBL 2H3 cells (Marquardt et al., 
1994; Ramkumar et al., 1995); however, their function 
has not been elucidated. It should also be noted that A^ 
receptors, to our knowledge, have not been found in 
other mast cell types (Marquardt et aL, 1994). 

It is important to consider that mast cells from differ- 
ent species, and even from different anatomical sites 
within the same species, can vary substantially in their 
morphological and biochemical characteristics and their 
response to pharmacological agents. There is increasing 
evidence that A2B receptors modulate mast cell fxmction. 
Adenosine activates adenyl cyclase and protein kinase C 
and potentiates mediator release in mouse bone mar- 
row-derived mast cells (Marquardt and Walker, 1990). It 
appears that the ability of adenosine to activate protein 
kinase C and thereby to augment mast cell degranula- 
tion are independent of changes in cAMP (Marquardt 
and Walker, 1994). Both A2A and A2B transcripts were 
detected in mouse bone marrow-derived mast cells (Mar- 
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quardt et al., 1994). The failure of the AgA-specific ago- 
nist CGS 21680 to enhance mediator release suggests 
that receptors modulate degranulation of these 
mast cells (Marquardt et al, 1994). 

A2B receptors have been shown to activate the human 
mast cell line HMC-1 (Feoktistov and Biaggioni, 1995). 
HMC-1 cells were derived from a patient with mast cell 
leukemia and their neutral proteases content is similar 
to that of himian limg mast cells. These cells coexpress 
A2A and A2B receptors, and both are coupled to adenyl 
cyclase through Gg proteins. However, only A2B recep- 
tors activate HMC-1 cells, as indicated by stimulation of 
IL-8 secretion. Furthermore, this effect was not medi- 
ated by cAMP, but by coupling to phospholipase C 
through a cholera toxin- and pertussis toxin-insensitive 
G protein, presximably of the Gq family (Feoktistov and 
Biaggioni, 1995). AgB receptors not only produced direct 
stimulation of HMC-1 cells, but also potentiated phorbol 
12-myristate 13-acetate-stimulated secretion of IL-8 
(Feoktistov and Biaggioni, 1995). The expression of Age 
receptors in HMC-1 cells was recently confirmed by im- 
munoblotting and fluorescent immunostaining with a 
specific anti-AgB antibody (Feoktistov et al., 1996). Vir- 
tually identical findings have been reported in a canine 
BR mastocytoma cell line. Stimulation of A2B) but not A3 
receptors, directly increased j3-hexosaminidase release 
and also potentiated A23187-induced degranulation of 
mast cells. Also, these effects were not blocked by per- 
tussis toxin (Auchampach et al., 1996). 

In parenchymal human lung mast cells, obtained from 
normal sections of surgical specimens, adenosine does 
not directly evoke release of histamine and LTC4, but in 
micromolar concentrations it potentiates mediator re- 
lease firom immunologically activated cells (Peachell et 
al., 1991). The order of potency of adenosine analogs and 
the low affinity of this process suggests that the re- 
sponse of human lung mast cells to adenosine is medi- 
ated by A2B receptors. In support for this notion, the 
presence of A2B has been recently demonstrated in bron- 
choalveolar lavage mast cells by double immunostaining 
with specific anti-AgB and antitryptase antibodies 
(Feoktistov et al., 1996). 

Given that inhaled adenosine affects only asthmatics 
but has no effect in nonasthmatics, there appears to be 
an intrinsic difference in the way adenosine interacts 
with mast cells fi"om asthmatics. The in vitro response 
produced by A2B receptors in HMC-1 cells and in canine 
BR mastocytoma cells appears to mimic the in vivo re- 
sponses to inhaled adenosine in asthmatics, inasmuch 
as adenosine provokes mast cells activation in these cell 
lines as it does in asthmatics. On the other hand, the in 
vitro response of mast cells fi:'om normal human limg to 
adenosine resembles the effect of A2B receptors in mouse 
bone marrow-derived mast cells, because in both cases 
adenosine potentiates mast cells activation but does not 
evoke direct activation. The molecular mechanisms be- 
hind these differential A2B-niediated responses in asth- 



matic versus normal mast cells, and in HMC-1 cells 
versus mouse bone marrow-derived mast cells, remain 
unknown. 

Despite the direct bronchoconstricting action of A^ 
receptors observed in allergic rabbits (Nyce and 
Metzger, 1997), the bronchoconstriction induced by in- 
haled adenosine in humans is better explained by an A2B 
receptor. Adenosine-induced bronchoconstriction ap- 
pears to be mediated by mast cell activation, and Aj 
receptors have not been described in mast cells, whereas 
A2B receptors are expressed in human mast cells. More- 
over, enprofylline is an effective antiasthmatic and is a 
selective A2B blocker at concentrations achieved clini- 
cally. Finally, A2B receptors have been shown to poten- 
tiate neurally mediated cholinergic bronchoconstriction 
through an enprofylline-sensitive process (Walday and 
Aas, 1991). The evidence presented so far does not pre- 
clude the contribution of more than one adenosine re- 
ceptor in asthma, or the possibility that nonadenosiner- 
gic mechanisms contribute to the antiasthmatic effects 
of enprofylline and other methylxanthines. 

VIII. Receptors as Therapeutic Targets 

The ability of adenosine to delay atrioventricular node 
conduction was the basis for its development as a ther- 
apeutic agent in the treatment of supraventricular ar- 
rhythmias (Belardinelli et al., 1989) and has become the 
drug of choice for the termination of that arrhythmia. 
Taking advantage of its profoimd vasodilatory effects, 
intravenous adenosine is used as a stress test in the 
diagnosis of myocardial ischemia (Verani et al., 1990). 
Adenosine was investigated as a h5rpotensive agent dur- 
ing anesthesia (Sollevi et al., 1984), where the reflex 
sympathetic activation induced by this agent (Biaggioni, 
1992) is not observed. However, adenosine has been 
implicated in many other physiological and pathological 
processes. The biggest problem in translating this 
knowledge into therapeutic tools is perhaps the ubiquity 
of adenosine receptors, which often mediate contrasting 
effects. The challenge is how to develop drugs that will 
selectively target a receptor mediating a specific action. 
The ongoing development of selective agonists or antag- 
onist represents a substantial advancement toward this 
goal. Nonetheless, even if specific agents can be devel- 
oped for a given receptor subtype, the problem remains 
of selectively targeting the site of action. For example, 
Ai-selective agonists could be developed for their antili- 
polytic potential. If given systemically, however, it is 
possible that atrioventricular conduction delay or bra- 
dycardia may be an undesirable, and perhaps limiting 
effect, given that these actions are also mediated by A^ 
receptors. In the development of useful therapeutic 
agents, therefore, care should be taken not only in the 
targeting of the receptor subtype, but also the site of 
action. This problem, of course, is not limited to ad- 
enosinergic systems and is common to others character- 
ized by the widespread nature of their receptors. 
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Given that the functional role of receptors is only 
now being addressed, a discussion of potential therapeu- 
tic opportunities arising from modulation of such recep- 
tors is necessarily speculative. There are, however, some 
promising areas that deserve further attention. The po- 
tential role of receptors in asthma can be used as an 
example. If confirmed, this mechanism would provide a 
novel approach for the treatment of this condition. 
Asthma continues to be a substantial medical problem 
that affects approximately 5 to 7% of the population. 
Despite advances in its treatment, the prevalence of 
asthma, emergency department visits, hospitalizations, 
and mortality related to the disease all appear to be on 
the rise (Gergen et aL, 1988; VoUmer et al., 1992; Weiss 
et al., 1993). Theophylline continues to be an effective 
treatment in the prevention of asthma attacks, more 
than as an acute bronchodilator (Weinberger and Hen- 
deles, 1996), but considerable plasma levels, in the 
range of 20-80 ftM, are needed for it to be effective. 
Moreover, it has many side effects, which can be attrib- 
uted to its nonspecificity. Its central actions contribute 
to theophylline's side-efifect profile and are of doubtful 
benefit for the treatment of asthma. 

If indeed blockade of A2B receptors contributes to the 
antiasthmatic effects of theophylline, it would be possi- 
ble to develop selective antagonists for this receptor 
subtype. Lipophobic compounds would have the advan- 
tage of not crossing the blood-brain barrier. Specific 
targeting to the site of action can also be accomplished if 
compounds that can be administered by inhalation are 
developed. This proposition is not unrealistic. For exam- 
ple, the xanthine antagonist DPSPX is approximately 
100-fold more potent than theophylline as an A2B recep- 
tor antagonist. Because of a charge moiety in its mole- 
cule, this water-soluble xanthine does not penetrate cell 
membranes or cross the blood-brain barrier (Tofovic et 
al., 1991). It appears that the ionic p-sulfophenyl sub- 
stituent in DPSPX may confer high A2B potency. The 
lack of L-alkyl substituents in the enprofylline molecule 
renders it an ineffective antagonist of other adenosine 
receptor subtypes. The systematic study of the struc- 
ture-activity relationship for blockade of A2B receptors, 
considering the above-mentioned properties, could re- 
sult in more potent and specific agents. Similarly, A2B 
receptor antagonists can be developed for the treatment 
of diarrheal processes, if adenosine is confirmed to play 
a role in this process. Targeting to the site of action could 
be achieved with compounds that are poorly absorbed, 
as long as they are able to reach the intestinal crypts 
involved in intestinal inflammatory processes. 

Development of agonists to target A2B receptors, for 
example, to inhibit vascular smooth muscle growth, 
would be a greater challenge. Substantial progress 
would need to be made to develop an agonist potent 
enough to selectively activate the low-affinity A2B recep- 
tor while having negligible actions at other receptors. 
The actions of endogenous adenosine could be enhanced 



with uptake inhibitors, or adenosine-regulating agents 
(Mullane, 1993), but this approach would activate all 
adenosine receptors, perhaps others even more than A2B 
receptors. Targeting the site of action is an additional 
problem that would have to be resolved for any drug that 
had to be administered systemically. The observation 
that A2B receptors mediate vasodilation of the rabbit 
corpus cavemosimi (Chiang et aL, 1994) raises the pos- 
sibility that an agonist to this receptor type can be useful 
in impotence. Direct injections of adenosine into the 
corpus cavemosum of impotence patients produce a brief 
erection (Kilic et al., 1994), particularly if combined with 
prostaglandin (Chiang et al., 1994). The short dura- 
tion of effect is clearly related to the short half-life of 
adenosine in humans (Moser et al., 1989). If this effect is 
also mediated by A2B receptors in humans, it will be 
possible to develop stable and selective agonists that can 
be given locally. 

IX. Concluding Remarks 

Until recently, relatively little attention has been paid 
to A2B receptors. It is instructive that contemporary 
reviews about adenosine only briefly mention their ex- 
istence. Conclusions about the selective nature of ago- 
nists or antagonists at specific adenosine receptors have 
often been made without testing these compounds on 
A2B receptors. The A2B receptor was often assumed to be 
simply a low-affinity variant of the A2A receptor. A2A 
and A2B receptors are frequently found in the same 
tissue, and, because both were thought to act by adenyl 
cyclase activation, it is easy to assvmie that A2B recep- 
tors will be of lesser physiological significance. The lack 
of selective pharmacological probes with which to study 
this receptor subtype has been the main obstacle in 
defining the role of A2B receptors. 

Several factors can explain the increasing interest in 
A2B receptors. The cloning of adenosine receptors vali- 
dated the belief that A2B receptors were distinct fii-om 
A2A receptors. It also revealed its widespread and dis- 
tinct distribution in tissues. The development of selec- 
tive agonists and antagonists for other adenosine recep- 
tor types has indirectly improved our knowledge of A2B 
receptors, but their pharmacological characterization is 
still mostly done by a method of exclusion, i.e., by the 
lack of efficacy of agonists and antagonists that are 
selective at other receptors. Also, other tools now are 
available for the study of this receptor. The amino acid 
sequence of the receptor, the nucleotide sequence encod- 
ing the receptor, and genomic information are now avail- 
able. This opens the door for mutational or chimeric 
analysis of A2B receptors to understand the molecular 
determinants for its unique coupling to G proteins. It is 
also possible to determine with precision the cellular 
localization of A2B receptors, particularly now that an- 
tibodies against this receptor have been generated. 

Significant progress has been made using currently 
available tools. It is now clear that, in addition to adenyl 
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cyclase, receptors can also couple to other intracel- 
lular pathways, including calcium channels and phos- 
pholipase C. In that sense, A2B receptors have as much 
in common with and A3 receptors, as with A2A recep- 
tors. The functional relevance of A2B receptors is being 
defined, but much work is needed in this area. Given the 
ubiquitous nature of adenosine receptors, it is not sur- 
prising that more than one adenosine subtype is found 
in the same tissue, but it is now evident that they can be 
coexpressed in the same cell. In these situations, it 
would seem that the functional role of higher-afBnity 
receptors would predominate over A2B receptors. None- 
theless, A2B receptors can play a role under these con- 
ditions by modulating events triggered by other receptor 
systems. Examples have been presented in this review of 
A2B receptors restraining the actions of A^ receptors, or 
potentiating the effects of thrombin and T-cell receptors. 
The relative importance of A2B receptors may be greater 
in situations characterized by substantial increases in 
interstitial levels of adenosine, as occurs dviring is- 
chemia in metabolically active tissues. On the other 
hand, there are cellular systems in which the actions of 
A2B receptors appear to predominate. Such is the case, 
for example, of hirnian mast cells, epithelial intestinal 
cells, and the regulation of vascular smooth muscle 
growth, among others. 

Greater advances can now be made by the simple 
appreciation of the unique featiu-es of this receptor type. 
In the past, investigators often have failed to realize the 
potential involvement of A2B receptors in their experi- 
mental systems. However, the study of A2B receptors 
will be considerably improved by the introduction of 
specific pharmacological probes for this receptor type. 
Even though adenosine analogs have, in general, a poor 
affinity for A2B receptors, this is not the case for antag- 
onists. Therefore, development of potent and selective 
A2B antagonists appears particularly promising and 
likely will further our knowledge of A2B receptors. Spe- 
cific antagonists will be particularly useful in defining 
the role of A2B receptors in physiological and pathologi- 
cal situations. The appreciation of the potential role of 
A2B receptors in the pathogenesis of disease processes, 
including asthma, vascular remodeling, and diarrhea, 
raises the possibiUty that A2B receptors may become the 
target for future drug development. 
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Adenosine receptors: 
a novel therapeutic target 
in asthma? 

Igor Feoktistov, Riccardo Polosa, Stephen T. Holgate 
and Italo Biaggioni 

Adenosine is an endogenous nucleoside that 
modulates many physiological processes. Its actions 
are mediated by interaction with specific cell 
membrane receptors. Four subtypes of adenosine 
receptor have been cloned: A^, Aja, Ajg and A3. 
Significant advancement has been made in our 
understanding of the molecular pharmacology and 
physiological relevance of adenosine receptors but our 
knowledge of A2B receptors lags behind that of other 
receptor types. Only recently have potentially important 
functions been discovered for the Ajb receptors, 
prompting a renewed interest in this receptor type. 
AjB receptors have been implicated in the regulation 
of vascular smooth muscle tone, cell growth, intestinal 
function and neurosecretion. In this review, Igor 
Feoktistov, Riccardo Polosa, Stephen Holgate and 
Italo Biaggioni focus on the role of A2B receptors in 
mast celt activation and the potential relevance of this 
action on asthma. 



Among the many actions of adenosine^'^^ several lines of 
evidence suggest a contribution to asthma. When admin- 
istered by inhalation to patients with asthma but not 
to normal subjects, adenosine provokes concentration- 
related bronchoconstriction^. In addition, inhalation of 
its related nucleotides AMP and ADP produces ahnost 
identical effects on the airways^ since both nucleotides 
are dephosphorylated to yield adenosine. 

The ability of the adenosine uptake inhibitor dipyri- 
damole to potentiate adenosine-induced bronchocon- 
striction indicates that the nucleoside interacts with 
cell-surface purine receptors^. Moreover, theophylline, 
which also acts as an adenosine receptor antagonist, has 
been shown to produce a greater protection against 
adenosine than against histanaine-induced bronchocon- 
striction^. One question raised by this observation was 
the anti-asthmatic activity of the xanthine derivative 
enprofylline, which had previously been thought to lack 
adenosine receptor antagonist activity^; however, it has 
recently been shown that this drug does, in fact, possess 
AjB receptor antagonist properties^. Evidence that medi- 
ators derived from mast cells are involved in the adeno- 
sine response is indicated by studies in vitro which have 



shown that adenosine and its analogues markedly enhance 
histamine release^ and prostanoid generations^* elicited 
from immunologically stimulated human lung mast cells. 
These findings support clinical observations that pre- 
medication with antihistamines^S'S^ and potent inhibitors 
of cyclooxygenase'^'i* inhibit the acute bronchoconstrictor 
response to inhaled AMP in astlunatic subjects. 

More direct evidence that preformed and newly gen- 
erated mediators released from airway mast cells can 
indeed play a role in adenosine-induced responses 
comes from a study showing a significant rise in plasma 
levels of histamine occur after AMP challengers it has 
also been shown that high concentrations of mast<ell- 
derived histamine and tryptase occur in the broncho- 
alveolar lavage (BAD fluid of asthmatic patients after 
endobronchial challenge with AMP (Ref. 16). Nasal 
provocation with AMP indicates that this purine 
nucleotide can also mimic many of the symptoms of 
rhinitis and release histanune into the nasal cavity^^'i^. 
The potent and specific histamine receptor antagorust 
cetirizine abolishes nasal symptoms in all subjects stud- 
ied so far^^. 

Activation of neural pathways might also contribute 
to the contractile airway response to adenosine in 
asthma^^^. Bronchoconstriction induced by 2<hloro- 
adenosine in guinea-pigs in vivo might well have a 
capsaicin-sensitive component^, indicating that the 
release of contractile neuropeptides from sensory nerve 
endings might be of some importance in mediating the 
airway effects of purine derivatives. In support of this 
view, repeated exposure of asthmatic airways to AMP 
results in cross-tachyphylaxis with bradykirun^^. 

A putative role for adenosine in airway 
inflammation 

Adenosine is increased under inflammatory condi- 
tions of the airways. High concentrations of adenosine 
have been measured in the BAL fluid of subjects with 
asthma and chronic bronchitis compared with normal 
controls^. 

All cells contain adenosine and adenine nucleotides. 
Adenosine release has been shown to occur from rat 
peritoneal mast cells upon IgE-dependent challenge^^. 
Mast cells nught also be a source of adenosine released 
into airway fluid since the concentration of adenosine 
tends to be higher in those asthmatic subjects who also 
have high levels of histamine in the airways^. Platelets 
might be another source of adenosine: platelet activation 
elicits the release of ADP, which could then be converted 
to adenosine. Similarly, neutrophils release 5'-AMP, 
which is rapidly converted to adenosine by a specific 
ecto-5'-nucleotidase27. 

Once generated, adenosine has the capacity to pro- 
mote a large variety of effector functions in the airways. 
Aside from its potential role as a mediator of broncho- 
constriction, it might also function as a novel paracrine 
mediator that contributes to various aspects of the inflam- 
matory response. Adenosine causes plasma exudation 
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Box 1. Molecular pharmacology of adenosine receptors 



It is generally accepted that both adenosine Aja and Ajb 
receptors activate adenylate cyclase via their coupling to 
Gj proteins in virtually every cell where they are 
expressed. As well as activating adenylate cyclase, other 
intracellular signalling pathways have been found to be 
coupled functionally to Ajb receptors (see Fig.). 

Recombinant rat Ajb receptors expressed in Xenopus 
oocytes activate Ca^^-dependent CI" conductance, 
presumably by stimulating phospholipase C (Ref. 1). 
Likewise, it has been proposed that Ajb receptors stimu- 
late phospholipase C in mouse bone marrow-derived 
mast cells^. Regulatory proteins of the family are 
thought to play a role in the coupling of Ajg receptors 
to p-phospholipase C in human mast HMC-1 cells^ 
and dog mastocytoma cells'*, since this process is unaf- 
fected by treatment with pertussis or cholera toxins. 
AjB receptor-mediated stimulation of p-phospholipase 
C results in the mobilization of intracellular Ca2+ in 
HMC-1 cells and eventually promotes the synthesis of 
interleukin 8 (IL-8) (Ref. 3). 



and increased bronchial blood Row^, the ensuing pres- 
ence of plasma proteins in the interstitium producing 
fluid efflux via osmosis and, hence, oedema. Adenosine is 
also able to promote inflammation by inducing neutrophil 
chemotaxis29 and by enhancing histamine release from 
immunologically activated human lung mast cells^^-^. 

Airway responsiveness to adenosine and clinical 
correlates 

Confirmation of the bronchoconstrictor response to 
adenosine in vivo in asthma subjects has been obtained in 
vitro: bronchi from asthmatic subjects are more sensitive 
to adenosine than those obtained from non-asthmatic 



The stimulation of Ajb receptors also increases the 
concentration of intracellular Ca2+ in human erythro- 
leukaemia cells but via a different mechanism. Ajb 
receptors potentiate Ca^* influx in these cells through 
a cholera toxin-sensitive mechanism; in contrast with 
the mobilization of intracellular Ca2+ observed in 
HMC-1 cells. Even though this process is coupled to 
Gj proteins, it is independent of cAMP. It has been sug- 
gested that Gttj can directly stimulate a putative Ca2+ 
channel, as demonstrated for other G^-coupled recep- 
tors^. AjB receptors are also coupled to a Ca2+ channel 
via a mechanism sensitive to cholera toxin and inde- 
pendent of cAMP in Jurkat T cells^. In addition, the 
activation of Ajb receptors results in significant poten- 
tiation of P-type but not N-type Ca2+ current in py- 
ramidal neurones from the CA3 region of the guinea- 
pig hippocampus. This mechanism is thought to be 
mediated by adenylate cyclase because this potenti- 
ation can be inhibited by blocking the cAMP-depen- 
dent protein kinase^. 

In summary, current evidence suggests that the 
actions of Ajg receptors can be mediated not only by 
cAMP but aUo by other intracellular pathways that 
could vary between cells. It is interesting that, as far as 
intracellular pathways are concerned, Ajb receptors 
have as much in common with A, or Aj receptors 
(activation of phospholipase C, modulation of ion 
channels) as with Aja receptors (activation of adenyl- 
ate cyclase). The AjB-mediated stimulation of protein 
kinase C and increase in intracellular Ca2+ seems to be 
more relevant to mechanisms of mast cell activation 
than increases in cAMP concentrations. 
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controls^i. In this regard, adenosine could be unique 
since hyperresponsiveness in vitro has not been demon- 
strated using other mediators such as histamine and 
leukotriene Q (Ref. 31). In humans, the response of the 
airways to inhaled adenosine is not accompanied by a 
late phase of bronchoconstriction or an increase in non- 
specific bronchial responsiveness^^. Responsiveness of 
the airways to inhaled adenine derivatives correlates 
only weakly with more direct indices of airway respon- 
siveness measured with agonists like histamine^ and 
methacholine^. 

When compared with non-atopic controls, Phillips et 
al}^ have shown that atopic subjects are more responsive 



channel 




Ca^-^ influx PKA PKC Ca^* mobilization 



Fig. Diagram showing the intracellular pathways directly coupled to 
the adenosine Ajg receptor in various cell types. (1 ) receptors are 
coupled to adenylate cyclase (AC) via Gj protein in virtually every cell 
studied. Activation of this pathway results in the accumulation of 
cAMP and stimulation of protein kinase A (PKA|. (2| In human 
erythroleukaemia and Jurkat T cells, A^g receptors also increase 
Ca^* influx by coupling with G, protein. (3) in contrast, A^g receptors 
are coupled to phosphatidyl inositol-specific phospholipase C(PI-PLC| 
via a G protein of the G^ family in mast cells. Activation of this path- 
way results in an increase in diacyl glycerol (DAG) and inositol 
(1,4,5)trisphosphate [lns(1 .45)/y. Diacylglycero! stimulates protein 
kinase C (PKC). Inositol trisphosphate activates the mobilization of 
Ca2+ from intracellular stores. 
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to inhaled AMP than they are to methacholine, suggest- 
ing that the airway response to these purines might be an 
index of mast cell priming. The capacity of adenosine to 
augment mediator release from mast cells in the pres- 
ence of a low-level' second stimulus (which can be 
inununological or non-inununological) raises the possi- 
bihty that this nucleoside elicits mediator release in asth- 
matic human airways by interacting with cytokine- 
'primed' mast cells on the surface of inflamed airways. 
Thus, purine-induced bronchocoi\striction in asthmatics 
and atopics might well depend on the state of airway 
mast cell printing and, indeed, could be useful as a test 
for this in vivo. 

Non-smoking adults with chronic obstructive pul- 
monary disease (COPD) are less responsive to inhaled 
adenosine than non-smoking asthmatics, whereas the 
sensitivity to methacholine is similar in both groups^. In 
children, bronchoprovocation tests with inhaled adeno- 
sine discriminates asthma from pediatric COPD with a 
sensitivity and specificity of 85-90%; this is in contrast 
to methacholine challenge, which fails to distinguish 
between the two^. In this context, adenosine challenge is 
a useful tool in the diagnosis of asthma when uncertainty 
exists. 

That adenosine responsiveness might prove to be a 
more appropriate marker of disease activity in relation to 
asthmatic inflanunation than other non-specific stimuH 
such as histamine or methacholine is supported by a 
number of clinical studies. For example, inhaled gluco- 
corticosteroids have a significantly greater effect on 
bronchial h)^erresponsiveness to AMP compared with 
their effects on hyperresponsiveness to direct and neur- 
ally acting stimuli^'^^. Similarly, when a group of aller- 
gic asthmatic children were moved to an environment 
free from house dust nute, a beneficial effect in peak 
expiratory flow variability occurred, paralleled by a sig- 
nificant improvement in bronchial hyperresponsiveness 
measured with AMP but not with methacholine^. 

Adenosine receptors in mast cells 

The evidence presented so far indicates a unique 
response to adenosine in asthmatics and suggests 
that this phenomenon involves mast cell activation. 
Marquardt et a/.^^ were the first to report that adeno- 
sine, while ineffective alone, potentiates histamine release 
induced by anti-IgE, concanavalin A, compound 48/80 
or the calcium ionophore A23I87 in isolated rat mast 
cells. The mechanisms that mediated the potentiation of 
these cells was unclear. Stimulation of adenylate cyclase 
by adenosine can be blocked by the methybcanthine 
derivative 8-phenyltheophylline but potentiation of his- 
tamine release is not, suggesting that these effects are 
mediated by different adenosine receptors'"*. 

Because potentiation of rat peritoneal mast cells is 
insensitive to 8-phenyltheophylline, it was suggested 
that this effect is mediated by A3 receptors since the rat 
A3 receptor has a remarkably low affinity for xanthines*^. 
This possibility was examined in the rat basophilic 



leukaemia cell line RBL-2H3, which has been used as a 
model for rat mast cells. It was found that adenosine 
analogues stimulate phospholipase C, increase the con- 
centration of cytoplasmic Ca2+ and potentiate mediator 
release in these cells with a pharmacological profile con- 
sistent with A3 receptors*^. Expression of A3 receptors in 
RBL-2H3 cells, along with Ay^ and A^^ receptors, has 
been confirmed by radioUgand binding and detection of 
mRNA'*^-^, Furthermore, A3 agonists have been reported 
to provoke bronchoconstriction in vivo in BDE strain rats 
through a process likely involving mast cell activation*^. 
Interestingly, A3 receptors in mast cells have also been 
implicated in mediating adenosine-induced hypotension 
in anaesthetized rats^s 

It should be noted that A^ receptors have also been 
implicated in adenosine-induced bronchoconstriction in 
a rabbit model of asthma. An antisense ofigodeoxynu- 
cleotide targeting A, receptors significanUy desensitizes 
rabbits to a challenge with either adenosine or allergen^, 
providing substantial evidence for the involvement of A^ 
receptors in this model. However, it is unclear to what 
extent mast cells are involved in this phenomenon or if 
the effects of adenosine in this model can be explained by 
a direct effect of A^ receptors on bronchoconstriction^^. 

There is also growing evidence that A2B receptors (see 
Box 1) modulate mast cell function. Adenosine activates 
adenylate cyclase and protein kinase C, and potentiates 
stimulated mediator release in mouse bone marrow- 
derived mast cells'*^. It appears that the abilities of adeno- 
sine to activate protein kinase C, and thereby to augment 
mast cell degranulation, are independent of changes in 
the concentration of cAMP (Ref. 49). Both Aja and A2B/ 
but not A^, transcripts have been detected in mouse 
bone-marrow-derived mast cells*^. The failure of the 
AjA'Selective agonist CGS21680 to enhance mediator 
release suggests that Ajg is the receptor type that modu- 
lates degranulation of these mast cells*^. 

A2B receptors have also been shown to activate the 
human mast cell line HMC-1 (Ref. 8). HMC-1 cells were 
derived from a patient with mast cell leukaemia and 
have a neutral protease content similar to that of human 
lung mast cells. These cells co-express Aja and Ajg recep- 
tors, both of which are coupled to adenylate cyclase 
through Gg proteins. However, only A2B receptors acti- 
vate HMC-1 cells, as indicated by the stimulation of 
interleukin 8 (IL-8) secretion using the nonselective Aj 
agonist 5'-N-ethylcarboxamidoadenosine (NECA) but 
not with the selective Ay^ agonist CGS21680. Cyclic AMP 
does not appear to modulate this process since neither 
forskolin nor 8-bromo-cAMP influences IL-8 secretion. 
On the other hand, this effect is mediated by coupUng to 
phosphoUpase C; this was made evident by the fact that 
inositol phosphate production increased with consequent 
mobilization of intracellular Ca^*. These Ajg receptor- 
dependent pathways are stimulated through a G protein 
that is insensitive to both cholera toxin and pertussis 
toxin, presumably of the G^^ family^. The activation of 
A2B receptors not only stimulates HMC-1 cells directly 
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but also potentiates phorbol 12-myristate 13-acetate 
(PMA)-stimulated secretion of IL-8 (Ref. 8). The expres- 
sion of AjB receptors in HMC-1 cells has recently been 
confirmed by immunoblotting and fluorescent immuno- 
staining with a specific anti-AjB antibody^o. A virtually 
identical mechanism of Ajs-mediated activation has 
been reported in a canine BR mastocytoma cell line. 
While these cells also express A| and A3 receptors, the 
AjB receptor seems to be predonunant in these cells; this 
is because adenylate cyclase is stimulated by adenosine 
agonists and both A^ and A3 receptors are negatively 
coupled to this enzyme through pertussis toxin-sensitive 
Gi/G(, proteins. Furthermore, adenosine analogues stimu- 
late p-hexaminidase release, inositol phosphate produc- 
tion and intracellular Ca^* mobilization in canine mast 
cells through a pertussis toxin-insensitive G protein with 
a pharmacological profile consistent with activation of 
AjB receptors^^. 

Mast cells from different species and even from dif- 
ferent anatomical sites within the same species can vary 
substantially in their morphological and biochemical 
characteristics. Therefore, it is not surprising that more 
than one adenosine receptor is involved in the activation 
of mast cells obtained from different species and tissues. 
Because of this, it is important to determine the charac- 
teristics of adenosine receptors present in human mast 
cells that are linked to asthma. With regard to A3 recep- 
tors, in situ hybridization and reverse trai\scriptase- 
polymerase chain reaction techniques have failed to 
detect A3 receptors in human parenchymal lung mast 
cells52. In functional studies using parenchymal human 
lung mast cells obtained from normal sections of excised 
lung, adenosine analogues do not evoke the release of 
histamine and leukotriene C4 directly but potentiate the 
release of mediators from immunologically activated 
cells^°. The order of potency of adenosine analogues sug- 
gests that this response is mediated by Aj receptors. This 
potentiation was reversed when higher concentrations 
of adenosine agonists (e.g. lOOjjiM NECA) were used. 
In this model, cAMP is known to inhibit histamine 
release^, suggesting that cAMP does not mediate the 
potentiation of mediator release by A2 receptors. Pre- 
liminary studies using double immunostaining with 
specific anti-AjB and anti-tryptase antibodies demon- 
strate the presence of A^q receptors in human lung mast 
celb obtained by bronchoalveolar lavage^o. 

Given that inhaled adenosine only affects asthmatic 
airways and has no effect in controls, there appears to be 
an intrinsic difference in the way adenosine interacts 
with mast cells from patients with asthma. The response 
produced in vitro by Ajb receptors in HMC-1 cells and in 
canine BR mastocytoma cells appears to mimic the 
respor\ses in vivo to inhaled adenosine in asthmatics, in 
that adenosine alone provokes mast cell activation in 
these cell lines as it does in asthmatics. On the other 
hand, the response produced in vitro by adenosine in 
mast cells from normal human lung tissue resembles the 
effect of A2B receptors in mouse bone marrow-derived 



mast cells, since in both cases adenosine potentiates mast 
cell activation but does not evoke direct activation. The mol- 
ecular mechanisn\s behind these differential Ajg-mediated 
responses in asthmatic compared with normal mast cells, 
and in HMC-1 cells compared with mouse bone marrow- 
derived mast cells, remain to be elucidated. Several 
mechanisms could explain these differences, including 
diversity at the receptor level, differential coupling of 
AjB receptors to intracellular pathways, or involvement 
of other processes that potentiate the activation of Ajb 
receptors in asthmatic mast cells. 

receptors as therapeutic targets 

Theophylline is an effective drug for the treatment of 
asthma but it is far from being ideal. For maximum 
efficacy it is required at the substantial plasma concen- 
tration of 20-80 p-molH and it has many side-effects, 
which can be attributed to its nonspecificity. From the 
studies presented above, it is possible that the blockade 
of A2B receptors in mast cells might be one of the mecha- 
nisms that contribute to the therapeutic efficacy of theo- 
phylline in asthma. If this hypothesis proves to be cor- 
rect, A2B receptors could become therapeutic targets in 
the development of novel anti-asthma agents. In general, 
although A2B receptors are recognized to have a lower 
affinity for agonists compared with other receptor sub- 
types, this is not true for antagonists. The structure- 
activity relationship of A2B receptors for adenosine 
antagonists has not been completely characterized but at 
least some xanthines are as potent antagonists at Ajg 
receptors as they are at other adenosine receptors^'^s 
Enprofylline, an anti-asthmatic drug, is the most selec- 
tive A2B receptor antagonist known to date. In early stud- 
ies, enprofylline was found to be about 20 times more 
potent in blocking A2 receptors in the rat hippocampus 
than Ai receptors in rat fat cells^^. Therefore, it was iiu- 
tially proposed that enprofyUine could selectively block 
a subtype of A2 receptors in the hippocampus^, now 
known to correspond to Ajb receptors^. However, 
enprofylline was found to be a poor antagonist of A2 
receptors in platelets^s. Although these findings led to 
the conclusion that enprofylline was not an adenosine 
receptor antagonists^, they can now be explained by the 
fact that platelets express mainly A2A receptors^^/S?. 

The belief that enprofylline was not an adenosine 
receptor antagonist was used as an argument against the 
hypothesis that adenosine played a role in asthma, since 
enprofylline proved more effective than theophylline in 
the treatment of asthma but was thought to act indepen- 
dently of adenosine antagorusm^. Enprofylline also has 
a low affinity for A3 receptors^*. Recently, it has been 
shown that enprofylline is equipotent to theophylline 
as an A2B receptor antagonist of NECA-induced acti- 
vation of adenylate cyclase in human erythroleukaemia 
cells (HEL), with a dissociation constant (K^) of the 
antagonist-receptor complex of 7\iM (Ref. 8); this is 
in close agreement with therapeutic plasma levels of 
enprofylline (5-25 p-mol 1"*) and earlier results in the 
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hippocampus^. An identical for enprofylline for Ajg 
receptors and a lower affinity of this drug for other 
receptor subtypes has been confirmed in radioligand 
binding studies on all four types of human adenosine 
receptor expressed in CHO cells^^^ Enprofylline is an 
effective antagonist of Ajg receptors in human HMC-1 
mast cells^ and canine BR mastocytoma cells^'. There- 
fore, enprofylline can be considered as a selective, 
though not potent, Ajg antagonist. 

More potent, but nonselective, Ajg receptor antagon- 
ists have been also characterized. These compounds 
include l,3-dipropyl-8-sulphophenybcanthine (DPSPX), 
l,3-dipropyl-8-cyclopentylxanthine (DPCPX) and xan- 
thine amine congener (XAC)^^^. DPSPX has been shown 
to be 20 times more potent at HEL A2B receptors (K^ = 
141 nM) than at platelet Ay^ receptors^. However, the 
affinities of A3 receptors in sheep^^ and Aj receptors in 
rats^3 for DPSPX are comparable to that of the Ajg recep- 
tor in HEL cells^. It appears that substituents in position 
8 of the xanthine nucleus in DPSPX, DPCPX and XAC 
can confer higher Ajb antagonist potency. On the other 
hand, the lack of 1-alkyl substituents in enprofylline 
renders this Ajb antagonist ineffective at other receptor 
subtypes. The combination of these properties could pro- 
vide more potent and selective Ajg antagonists although 
a systematic study of the relationship between structure 
and activity will first be necessary. 

It should be noted that adenosine has conflicting 
effects on inflammatory processes. The activation of Ay^ 
receptors inhibits oxidative burst, degranulation and 
adhesion of neutrophils^'^^ and also inhibits platelet 
aggregation^^. Adenosine at A^ receptors can increase 
neutrophil chemotaxis^ whereas activation of A3 recep- 
tors inhibits eosinophil chemotaxis^^ Selective block of 
the putative pro-inflammatory effects of Ajg receptors on 
mast cells might be advantageous. However, it should be 
remembered that mast cells are only one of many con- 
tributors to inflammation in asthma. Therefore, it is 
unlikely, that a medication targeting a single mechanism 
will be completely and universally effective in asthma. 
Nonetheless, selective antagonism of the Ajb receptor 
subtype could help to provide a more potent and safer 
alternative to theophylline. Greater selectivity of the site 
of action could be accomplished using an inhaled prep- 
aration. More studies are clearly needed to define the 
advantage of this approach in the treatment of asthma. 

Concluding remarks 

Abundant evidence has accumulated that responses 
produced by adenosine are not a mere reflection of non- 
specific airways hyperresponsiveness but involve a 
selective interaction with activated inflanmiatory cells in 
diseased airways and naight be related to atopy. The air- 
way response to adenosine could be useful in the further 
exploration of the inflanunatory and immunological 
processes in allergic tissue responses at mucosal 
surfaces. It is possible that adenosine administered by 
inhalation could be a promising diagnostic test in 



asthma^, but further studies are warranted to define the 
value of this unique stimulus in following disease activ- 
ity and in response to therapy. The appreciation of the 
potential role of Ajb receptors in the pathogenesis of 
asthma raises the possibility that Ajg receptors could 
become the target for future drug development^^. 
Progress in the study of Ajb receptors will be greatly 
advanced by the introduction of specific pharmacologi- 
cal probes for this receptor type. Even though adenosine 
analogues generally have a poor affinity for Ajb recep- 
tors, this is not the case for antagonists. Hence, the 
development of potent and selective Ajg antagonists 
might provide a novel approach to the treatment of 
asthma. 
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Chemical name 



CGS21680: 4-((N-ethyl-5'-carbamoyladenos-2-yI)- 
aminoethyl)-phenylpropionic acid 
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ABSTRACT Recent evidence indicates that A28 receptors mediate cellular functions with potential clini- 
cal relevance. Both A2A and A2B receptors mediate vasodilation, and the receptor type involved depends on 
the vascular bed and species studied. In some experimental models, A2B-induced vasodilation is mediated 
by the endothelium, but it is unclear whether this vasodilation is due to nitric oxide or whether A2B recep- 
tors also mediate direct vascular smooth muscle relaxation. A2B receptors expressed in smooth muscle cells 
inhibit their growth, raising the possibility that these receptors play a role in the vascular remodeling pro- 
cess observed in hypertension and atherosclerosis. A2B receptors are also expressed in neurons, and there 
are several examples of these receptors mediating neuroexcitatory actions, including potentiation of neu- 
rotransmitter release. The highest expression of A2B receptors is found throughout the intestinal tract. 
During diarrhea! processes, neutrophils recruited into intestinal crypts release a soluble "neutrophil-de- 
rived secretagogue," which then increases intestinal secretion. It is now known that this neutrophil product 
is AMP, which is then converted to adenosine to activate A2B receptors expressed in intestinal epithelium. It 
was also recently found that activation of human mast cells by adenosine is mediated by A2B receptors. 
Mast cell activation is involved in adenosine-induced bronchoconstriction in asthmatics, suggesting that 
A2B receptors are involved in this process. Our understanding of the functional role of A2B receptors is 
hindered by the lack of selective agonist and antagonist of this receptor type. Recent studies suggest the 
feasibility of developing A2B antagonists. Such agents may prove useful in the treatment of diarrheal dis- 
eases and in asthma. Drug Dev. Res. 45:198-206, 1998. © 1998 wiley-Liss, inc. 

Key words: receptors, purinergic; mast cells; asthma; intracellular pathways; G- coup led receptors 



INTRODUCTION 

Adenosine is an endogenous nucleoside that modu- 
lates many physiologic processes. Its actions are medi- 
ated by interaction with specific cell membrane receptors. 
Four subtypes of adenosine receptors have been cloned: 
Ai, A2A, A2B, and A3. Significant advancement has been 
made in the understanding of the molecular pharmacol- 
ogy and physiologic relevance of adenosine receptors, 
but our knowledge of A2B receptors lags behind that of 
other receptor subtypes. The lack of selective pharma- 
cologic probes has hindered research in this area. Per- 
haps because of their lower affinity for adenosine 
compared with the other receptors, it is often assumed 
that A2B receptors are a low-affinity version of the A2A 
receptor, and of lesser physiologic relevance. It has been 
only recently that potentially important functions have 



been discovered for the A2B receptor, prompting a renewed 
interest in this receptor type. A2B receptors have been im- 
phcated in mast cell activation and asthma, vasodilation, 
regulation of cell growth, intestinal function, and modula- 
tion of neurosecretion. We will try to review the recent 
advances made in the study of A2B receptors, focusing on 
potential areas in which A2B receptors could be targeted for 
the development of novel therapeutic agents. 
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CLASSIFICATION AND MOLECULAR 
CHARACTERIZATION OF ADENOSINE RECEPTORS 

Purinergic receptors that mediate the effects of 
adenosine are classified as Pi receptors, whereas the re- 
ceptors activated by nucleotides such as ATP are classi- 
fied as P2 receptors. Adenosine receptors were initially 
subdivided into Ai and A2 subtypes, based on their abil- 
ity to inhibit or stimulate adenylyl cyclase, respectively. 
The fiirther division of A2 receptors into two subtypes 
was based on the finding of high-affinity A2 receptors in 
rat striatum and low-affinity A2 receptors throughout the 
brain, both of which activated adenylyl cyclase [Daly et 
al., 1983], and the existence of high-affinity A2 receptors 
in cultured neuroblastoma cells and low-affinity A2 re- 
ceptors in ghoma cells [Elfman et al., 1984]. These high- 
and low-affinity receptor subtypes were later designated 
A2A and A2B, respectively [Bruns et al., 1986]. The classi- 
fication of Pi receptors has been validated by the recent 
success in molecular cloning and expression of all three 
anticipated Ai, A2A, and A2B adenosine receptors and the 
previously unrecognized A3 receptor. 

Adenosine A2B receptors have been cloned fi-om rat 
hypothalamus [Rivkees and Reppert, 1992], human hip- 
pocampus [Pierce et al., 1992], and mouse mast cells 
[Marquardt et al., 1994]. The proposed membrane struc- 
ture of A2B receptors is typical of G-protein^oupled re- 
ceptors, with seven transmembrane domains connected 
by three extracellular and three intracellular loops 
[Rivkees and Reppert, 1992; Pierce et al,, 1992; 
Marquardt et al., 1994]. The predicted molecular mass 
of A2B receptors is similar to that of Ai and A3 receptors 
(36-37 kDa), whereas A2A receptors have a larger pre- 
dicted size (45 kDa). The human A2B receptor gene was 
mapped to chromosome 17pll.2-pl2 [Townsend- 
Nicholson et al., 1995; Jacobson et al., 1995]. A single 
intron interrupts the coding sequence of the human A2B 
receptor gene in a region corresponding to the second 



intracellular loop [Jacobson et al., 1995]. Recent findings 
indicate that A2B receptors can act as anchoring proteins 
for adenosine deaminase, as previously shown for Ai re- 
ceptors [Ciruela et al., 1996]. It is not known which por- 
tions of the receptor are involved in this process and 
whether they are shared by both receptors. It is also not 
clear the ftjnctional relevance of this phenomenon. It can 
be speculated that the proximity of adenosine deaminase 
to the receptor may serve as a mechanism to terminate 
adenosine's actions. 

PHARMACOLOGY OF Ajb RECEPTORS AND 
INTRACELLULAR PATHWAYS 

Highly selective and potent agonists have been 
designed for Ai, A2A, and A3 receptors. Each adenosine 
receptor has a typical order of potency for agonists (Table 
1). However, no potent and selective agonist for A2B recep- 
tors has been found so far. The adenosine analog 5'-N- 
ethylcarboxamidoadenosine (NECA) remains the most 
potent A2B agonist [Bruns, 1981; Brackett and Daly, 1994; 
Feoktistov and Biaggioni, 1993, 1998], with an EC50 for 
stimulation of adenylyl cyclase of approximately 2 |iM. 
NECA, however, activates other adenosine receptors with 
even greater affinity, with an EC50 in the low nanomolar 
(Al and or high nanomolar (A3) range (Table 1). The 
characterization of A2B receptors, therefore, often rehes 
on a method of exclusion, i.e., by the lack of eflFectiveness 
of compounds that are potent and selective agonists of 
other receptor types. A2B receptors have a very low affin- 
ity for the A2A-selective agonist 4-((N-ethyl-5'-carbamoy-. 
ladenos-2-yl)-aminoethyl)-phenylpropionic acid (CGS 
21680) [Jarvis et al., 1989; Nakane and Chiba, 1990; Webb 
et al., 1992; Hide et al., 1992; Feoktistov and Biaggioni, 
1993; Alexander et al., 1996], the Ap selective agonist R- 
PIA [Feoktistov and Biaggioni, 1993; Brackett and Daly, 
1994], as well as for the A3- selective agonist IB -MEGA 
[Feoktistov and Biaggioni, 1998]. The agonist profile NECA 



T^BIE 1. Pharmacological Characteristics of Adenosine Receptor Subtypes* 



Adenosine 
receptor 






Order of potency for agonists'' 
(RM) 






Selective agonists^ 


Selective antagonists^ 


Al 


R-PIA 


> 


NECA > 


IB-MECA 


> 


CGS 21680 


R-PIA 


DPCPX 




(0.001) 




(0.006) 


(0.054) 




(2.6) 


CPA 


N-0861 


Am 


NECA 




CGS 21 680 > 


IB-MECA 


> 


R-PIA 


CGS 21680 


SCH 58261 




(0.01) 




(0.015) 


(0.056) 




(0.124) 


APEC 


ZM 241385 


A2B 


NECA 


> 


R-PIA 


IB-MECA 


> 


CGS 21680 


None 


Enprofylline 




(2) 




(160) 


(201) 




(1600) 






A3 


IB-MECA 


> 


NECA 


R-PIA 


> 


CGS 21680 


IB-MECA 


MRS 1067 MRS 1097 




(0.001) 




(0.113) 


(ai58) 




(0.584) 


CI-IB-MECA 


L-249313L-268605 



^Table reproduced from Feoktistov and Biaggioni 11997], with permission. 

''Data shown for rat Ai, Aza, and A3 receptors are Kj values based on radioligand binding [van Galen et al., 1 994; Ga I lo- Rodriguez et al., 1994]. Data 
shown from A2B receptors are EC50 values for cAMP accumulation in human erythroleukemia cells [Feoktistov and Biaggioni, 1993; Feoktistov and 
Biaggioni, 1998]. 

'^Data are derived from Feoktistov and Biaggioni [19951, Palmer and Stiles 11995), Jacobson and Suzuki [1996], and jacobson [1996]. 
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> R-PIA = IB-MECA > CGS 21680, determined in hu- 
man erythroleukemia cells, is typical for A2B-niediated 
cAMP accumulation. Given this rank order of potency, re- 
sponses ehcited by NECA at concentrations in the low 
micromolar range (1-10 |iM), but not by R-PIA, IB-MECA, 
or CGS 21680, are characteristic of A2B receptors. 

Pharmacologic characterization of receptors based 
on apparent agonist potencies, however, is far from ideal 
because it depends not only on agonist binding to the 
receptor but also on multiple processes involved in sig- 
nal transduction. Selective antagonists are preferable for 
receptor subtype identification. Highly selective and 
potent A2B antagonists are not yet available, but, whereas 
A2B receptors have a lower affinity for agonists compared 
with other receptor subtypes, this is not true for antago- 
nists. At least some xanthines are as potent antagonists at 
A2B receptors as at other adenosine receptors [Feoktistov 
and Biaggioni, 1993; Brackett and Daly, 1994]. 

The antiasthmatic drug enprofylline (3-n-propyl- 
xanthine) is the most selective A2B antagonist knovm to 
date. In early studies, enprofylline was found to be ap- 
proximately 20 times more potent in blocking hippo- 
campal A2 receptors compared with rat fat cell Ai 
receptors [Fredholm and Persson, 1982]. It was initially 
proposed, therefore, that enprofylline can selectively 
block a subtype of A2 receptors in the hippocampus 
[Fredholm and Persson, 1982]. However, enprofylline was 
then found to be a poor antagonist of A2 receptors in thy- 
mocytes [Fredholm and Sandberg, 1983] and in platelets 
[Ukena et al., 1985], leading the authors to conclude that 
enprofylline was not an adenosine receptor antagonist. 
However, it is now known that accumulation of cAMP in 
hippocampal slices, which was shown to be blocked by 
enprofylline, is mediated by A2B receptors [Lupica et al., 
1990], and that platelets, found to be insensitive to 
enprofylline, express mainly A2A receptors [Feoktistov and 
Biaggioni, 1993; Dionisotti et al, 1996; Ledent et al., 
1997]. Therefore, previous contradictory results can now 
be explained by a selective antagonism of A2B receptors 
by enprofylline. Indeed, it has since been demonstrated 
that enprofylline is equipotent to theophylline as an A2B 
receptor antagonist in human erythroleukemia cells 
(HEL), with a Kb of 7 )lM [Feoktistov and Biaggioni, 
1995]. This finding has been confirmed in subsequent 
studies (Table 2). More potent A2B receptor antagonists 
have been also characterized, including DPSPX, DPCPX, 
and XAC [Feoktistov and Biaggioni, 1993; Brackett and 



Daly, 1994]. These antagonists, however, are not specific 
for A2B receptors. For example, the affinity of DPSPX for 
A2B receptors is similar to those of sheep A3 [Linden et 
al., 1993] and rat Ai [Ukena et al., 1986] receptors. Among 
nonxanthine compounds, alloxazine was reported to be 
ninefold more potent as an A2B receptors antagonist in 
VA13 and NIH 3T3 cells compared wdth A2A receptors in 
PC12 cells [Brackett and Daly, 1994]. 

Both A2A and A2B receptors are coupled to Gs pro- 
teins and activate adenylyl cyclase in virtually every cell 
where they are expressed. Although activation of adenylyl 
cyclase is arguably an important signafing mechanism for 
A2A receptors, this is not necessarily the case for A2B re- 
ceptors, because other intracellular signaling pathways 
have been found to be functionally coupled to A2B recep- 
tors in addition to adenylyl cyclase. A2B receptors have 
been shown to be coupled to phospholipase C in Xeno- 
pus oocytes expression system [Yakel et al., 1993], in 
mouse bone marrow- derived mast cells [Marquardt et 
al., 1994], and, through Gq proteins, in human mast HMC- 
1 cells [Feoktistov and Biaggioni, 1995] and canine BR 
mastocytoma cells [Auchampach et al., 1997]. A2B recep- 
tor-mediated stimulation of p-phospholipase C results in 
mobilization of intracellular calcium in HMC-1 cells and 
eventually promotes synthesis of IL-8 [Feoktistov and 
Biaggioni, 1995], possibly through stimulation of MAP 
kinases [Feoktistov et al., 1998b]. Stimulation of A2B re- 
ceptors also increases intracellular calcium in HEL cells 
through a cholera toxin-sensitive but cAMP-independent 
mechanism. It has been suggested that aGs, coupled to 
A2B receptors, can directly stimulate a putative calcium 
channel [Feoktistov et al., 1994]. 

Activation of A2B receptors can also increase intra- 
cellular calcium by potentiating P-type calcium currents 
in pyramidal neurons from the CA3 region of guinea pig 
hippocampus. This mechanism was thought to be medi- 
ated by adenylyl cyclase because this potentiation could 
be inhibited by blocking the cAMP-dependent protein 
kinase [Mogul et al., 1993]. 

There are now several well-documented examples 
of cells coexpressingboth A2A and A2B receptors. The func- 
tional significance of this phenomenon has been unclear, 
because A2A receptors have a much higher affinity for the 
endogenous agonist adenosine than A2B receptors. The 
existence of differential intracellular pathways for A2A and 
A2B receptors suggests that activation of these receptors 
may have independent functional roles even when ex- 



TABLE 2. Evidence for Enrpofylline as an A2B Antagonist 


Tissue Method 


Potency 


Reference 


Rat hippocampal slices cAMP accumulation (NECA) 
Human Erythroleukemia cells cAMP accumulation (NECA) 
CHO cells expressed with human Ajb receptors l^HjDPX binding 


Kb = 6 ^iM 
Kb = 7^M 
Kj = 7^M 


Fredholm and Persson, 1 982 
Feoktistov and Biaggioni, 1995 
Robeva et al, 1996 
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pressed in the same cells. An unresolved question is 
whether these receptors interact with each other. The 
human mast cell hne HMC-1 can be used as an example; 
these cells express both A2A and A2B receptors, but only 
A2B receptors activate these cells to increase interleukin- 
8 production by means of mitogen-activated protein 
(MAP) kinases. Selective activation of Aa^ receptors, while 
inducing cAMP accumulation, had no apparent effect on 
HMC-1 cell function. Preliminary evidence, however, 
suggest that A2A receptors are required, and are even es- 
sential, for A2B-induced MAP kinase activation [Feoktistov 
et al., 1998a,b]. These findings raise the possibiHty that 
A2A and A2B receptors interact in a cooperative manner. 
It is now known, however, if this phenomena is limited 
to HMC-1 cells or if it shared by other cells coexpressing 
A2A and A2B receptors. 

PHYSIOLOGIC RELEVANCE OF Ajs RECEPTORS 

Modulation of Vascular Tone 

Adenosine-induced vasodilation has been tradition- 
ally attributed to activation of A2A receptors. However, there 
are vascular beds in which the nonselective agonist NECA 
produces profound vasodilation, but the selective A2A ago- 
nist CCS 21680 has litde effect, suggesting the involve- 
ment of A2B receptors [Webb et al., 1992]. This phenomenon 
is observed in guinea pig aorta and dog saphenous vein 
[Hargreaves et al., 1991] and in dog coronary arteries 
[Balv^erczak et al., 1991]. Both A2A and A2B receptors may 
mediate vasodilation in the same species. In guinea pig, for 
instance, A2A receptors mediate relaxation of coronary ves- 
sels, whereas A2B receptors produce vasodilation of the aorta 
[Martin, 1992; Martin et al., 1993]. 

The vasodilatory effects of adenosine can be explained 
by direct vascular smooth muscle relaxation. However, re- 
cent studies have suggested that the endothehum contrib- 
utes to, or is even essential for, the vasodilatory effects of 
intravascular adenosine. In this regard, A2B receptors are 
present in endothelial cells. Both A2B and A2A receptors regu- 
late cAMP production in human aortic [Iwamoto et al., 1994] 
and human umbihcal vein endothehal cells [Feoktistov et 
al., 1998c], and A2B receptor mRNA has been detected in 
human aortic endothehal cells [Iwamoto et al., 1994]. Few 
studies have directly examined the possible interaction 
between A2B receptors and endothehum-derived vasodila- 
tion, and results vary depending on the vascular bed stud- 
ied. A2B receptors mediate vasodilation independent of nitric 
oxide generation in the rat mesenteric arterial bed [Rubino 
et al., 1995] and in the isolated blood-perfused rat lung 
preparation [Haynes et al., 1995]. On the contrary, isolated 
rat renal artery rings contain A2B receptors that are located 
exclusively on the endothehum and cause nitric oxide re- 
lease and vasodilation [Martin and Potts, 1994]. Similarly, 
A2B receptors also appear to vasodilate the rabbit corpus 



cavemosum, and this effect is reduced by removal of the 
endothehum [Chiang et al., 1994]. 

Whereas most studies of the cardiovascular effects 
of adenosine have focused on its acute actions on vascu- 
lar tone, recent evidence suggests that adenosine may 
also play a long-term modulatory role on smooth muscle 
growth. A2B receptors inhibit rat aortic smooth muscle 
cell growth induced by fetal calf serum [Dubey et al., 
1996]. Activation of adenylyl cyclase is postulated as the 
signaling pathway involved because this effect is mim- 
icked by 8-bromo-cAMP It was also shown that stimula- 
tion of vascular smooth muscle cell growth by fetal calf 
serum also triggers release of endogenous adenosine, 
which then acts in an autocrine fashion to inhibit growth 
[Dubey et al., 1996a,b]. If a role for endogenous adeno- 
sine is confirmed, this finding would establish a novel 
cardioprotective effect of adenosine, with relevance to 
vascular remodeling processes observed in hypertension 
and atherosclerosis. On the other hand, prehminary re- 
ports implicate A2B receptors in mediating human reti- 
nal endothelial cell growth by inducing the vascular 
endothelial growth factor (VEGF) [Grant et al., 1998]. 

Modulation of Neurosecretion and 
Neurotransmission 

A2B receptors are widespread in the brain, but little 
is known about their function. There are, however, sev- 
eral examples of A2B receptors mediating neuroexcitatory 
actions. Adenosine agonists increase the release of the 
excitatory amino acid aspartate in rat cerebral cortex cup 
superfusates in vivo, while depressing the release of the 
inhibitory amino acid 7-aminobutyric acid [Phillis et al., 
1993b], with an agonist profile suggestive of an A2B re- 
ceptor A2B receptors also enhance basal release of ace- 
tylcholine in this same model [Phillis et al., 1993a], 
Adenosine agonists potentiate a P-type Ca^**" current in 
pyramidal neurons from the CA3 region of guinea pig 
hippocampus with a pharmacologic profile consistent 
with A2B receptors [Mogul et al., 1993], Likewise, A2B 
receptors induce long-term potentiation in the CAl re- 
gion of rat hippocampus [Kessey et al., 1997]. The im- 
portance of these phenomena is unclear, because they 
are only observed after blockade of Ai receptors, which 
is also present in these hippocampal cells. 

Adenosine also modulates release of catecholamines 
firom chromaffin cells, probably through A2B receptors 
[Casado et al., 1992]. At high concentrations (20 |im), the 
nonselective agonist NECA inhibits catecholamine re- 
lease induced by nicotinic stimulation, presumably by 
activation of A2B receptors [Mateo et al., 1995]. This ef- 
fect has an unusually slow time course and is seen only 
after 20-30 min of preincubation with NECA; its physi- 
ological relevance is not clear. 
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Regulation of Intestinal Tone and Secretion 

The high levels of A2B receptor expression found in 
different parts of the intestinal tract motivated great in- 
terest in defining their function. Adenosine eHcits relax- 
ation of dispersed guinea pig longitudinal muscle cells 
fi-om small intestine by means of A2B receptors coupled 
to adenylyl cyclase [Murthy et al., 1995]. The A2B-niedi- 
ated relaxation was evident only after Ai receptor block- 
ade, raising doubts as to their importance. However, 
blockade of A2 receptors potentiated Apmediated con- 
traction, indicating that A2B receptors do provide a re- 
straining function against intestinal contraction. In rat 
duodenum A2B receptors cause relaxation of longitudinal 
muscle, but contraction of muscularis mucosae [Nicholls 
et al., 1996]. This is an unexpected result and the first 
example of an excitatory response by A2B receptors in a 
smooth muscle preparation. A2B receptors have also been 
shown to relax guinea pig Taenia caeci [Prentice and 
Hourani, 1997]. The functional relevance of the intesti- 
nal relaxant actions of A2B receptors has not been defined. 

The effect of A2B receptors on epithelial secretion 
has received particular attention because of its potential 
relevance to diarrheal processes. As part of the patho- 
physiology of these disorders, neutrophils are recruited 
into intestinal crypts where they release a soluble "neu- 
trophil- derived secretagogue" that then activates intes- 
tinal epithelium to stimulate chloride secretion, an 
important mechanism of diarrheal diseases. This neutro- 
phil-derived secretagogue has recently been identified 
as AMl^ which is then converted to adenosine at the epi- 
thelial cell surface to stimulate chloride secretion [Madara 
et al., 1993] by means of activation of Age receptors 
[Strohmeier et al., 1995]. 

Adenosine and Asthma 

Adenosine has been impficated in the pathophysi- 
ology of asthma (for review see [Church and Holgate, 
1986; Feoktistov and Biaggioni, 1996; Feoktistov et al, 
1998d]), and several lines of evidence support this hy- 
pothesis. Inhaled adenosine, or its precursor AM^ pro- 
vokes bronchoconstriction in asthmatic patients but not 
in normal subjects [Cushley et al., 1984]. Dipyridamole, 
a drug that blocks adenosine uptake and increases its 
extracellular concentrations, can also produce severe 
bronchospasm in asthmatic patients [Eagle and Boucher, 
1989]. Moreover, theophylline provides a better protec- 
tion against adenosine-induced bronchoconstriction, than 
against histamine-induced bronchoconstriction [Mann 
and Holgate, 1985]. 

The mechanism by which adenosine produces 
bronchoconstriction has been the focus of recent inter- 
est. Adenosine produces a direct constrictor action on 
isolated guinea pig trachea by means of Ai receptors [Ghai 



et al., 1987]. Aj receptors also mediate bronchocon- 
striction in an allergic rabbit model in vivo [Ali et al., 
1994a,b], and treatment with antisense oligodeoxy- 
nucleotide targeting the adenosine Ai receptor desensi- 
tized the allergic rabbits to subsequent challenge wdth 
either adenosine or allergen [Nyce and Metzger, 1997]. 
Al receptors also constrict human bronchi isolated from 
asthmatics in vitro, but not bronchi isolated from normal 
subjects [Bjorck et al., 1992]. 

The bronchoconstriction produced by inhaled aden- 
osine in humans does not seem to be a direct broncho- 
constrictive effect, but rather seems to be mediated 
through mast cell activation, because it can be blocked 
by specific antihistamines [Phillips et al., 1987; Rafferty 
et al., 1987] and prevented by the mast cell inhibitors 
chromoglycate and nedocromil sodium [Phillips et al., 
1989]. Furthermore, inhaled adenosine induces a signifi- 
cant rise in plasma levels of histamine [Phillips et al., 
1990] and increases bronchoalveolar levels of histamine, 
PGD2, and tryptase in asthmatics but not in normal sub- 
jects [Polosa et al., 1995]. 

Marquardt et al [1978] were the first to report that 
adenosine potentiated activation of isolated rat mast cells. 
It was initially proposed that this effect was mediated by 
A3 receptors, because A3 receptors also activate rat baso- 
philic leukemia RBL-2H3 cells [Ramkumar et al, 1993], 
a model for the study of rat mast cells. On the other hand, 
A2B receptors have been shown to potentiate activation 
of mouse bone marrow-derived mast cells [Marquardt 
and Walker, 1990]. A2B receptors have been shown to ac- 
tivate the human mast cell fine HMC-1 [Feoktistov and 
Biaggioni, 1995] and canine BR mastocytoma cells 
[Auchampach et al., 1997]. Adenosine analogs potentiate 
immunologic activation of human lung mast cells 
[Peachell et al, 1988], with an order of potency consis- 
tent with A2B receptors, 

AjB RECEPTORS AS THERAPEUTIC TARGETS 

The current therapeutic uses of adenosine are based 
on its cardiovascular actions. Adenosine has become the 
drug of choice for the termination of supraventricular 
arrhythmias, based on its ability to delay atrioventricular 
node conduction [BellardineUi et al., 1989]. Intravenous 
adenosine is used also as a stress test in the diagnosis of 
myocardial ischemia [Verani et al., 1990] and as a hypoten- 
sive agent during anesthesia [SoUevi et al., 1984]. How- 
ever, adenosine has been implicated in many other 
physiologic and pathologic processes in addition to its 
cardiovascular actions. The biggest problem in translat- 
ing this knowledge into therapeutic tools is perhaps the 
ubiquity of adenosine receptors, which often mediate 
contrasting effects. The challenge, therefore, is to develop 
drugs targeted to a specific receptor. The ongoing devel- 
opment of selective agonists or antagonist represents a 
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substantial advancement toward this goal. Nonetheless, 
even if specific agents can be developed for a given re- 
ceptor subtype, the problem remains of selective target- 
ing the site of action. For example, Ai -selective agonists 
could be developed for their anti-lipolytic potential. If 
given systemically, however, it is possible that other Ap 
mediated effects, such as atrioventricular conduction 
delay or bradycardia, may be an undesirable and per- 
haps limiting effect. In the development of useful thera- 
peutic agents, therefore, care should be taken not only in 
the targeting of the receptor subtype, but also the site of 
action. This problem, of course, is not limited to adeno- 
sinergic systems and is common to others characterized 
by the widespread nature of their receptors. 

Given that the functional role of A2B receptors is 
only now being addressed, a discussion of potential thera- 
peutic opportunities arising from modulation of such re- 
ceptors is necessarily speculative. There are, however, 
some promising areas that deserve further attention. The 
potential role of A2B receptors in asthma can be used as 
an example. If confirmed, this mechanism would pro- 
vide a novel approach for the treatment of this condition. 
Asthma continues to be a substantial medical problem 
that affects approximately 5-7% of the population. De- 
spite advances in its treatment, the prevalence of asthma, 
emergency department visits, hospitalizations, and mor- 
tality related to the disease, all appear to be on the rise. 
TheophyUine continues to be an effective treatment in 
the prevention of asthma attacks, but considerable plasma 
levels of approximately 50 |iM are needed for it to be 
effective. Moreover, it has many side effects, which can 
be attributed to its nonspecificity. For example, its cen- 
tral actions contribute to theophylline's side effect pro- 
file and are of doubtful benefit for the treatment of asthma. 

If indeed blockade of A2B receptors contributes to 
the antiasthmatic effects of theophylline, it would be pos- 
sible to develop selective antagonists for this receptor 
subtype. Lipophobic compounds would have the advan- 
tage of not crossing the blood brain barrier. Specific tar- 
geting to the site of action can also be accomplished if 
compounds are developed that can be administered by 
inhalation. This proposition is not unrealistic. For ex- 
ample, the xanthine antagonist DPSPX is approximately 
100-fold more potent than theophyUine as an A2B recep- 
tor antagonist. Because DPSPX exists as a negatively 
charged molecule at physiologic pH, this water-soluble 
xanthine does not penetrate cell membranes or cross the 
blood-brain barrier [Tofovic et al,, 1991]. It appears that 
the ionic p-sulfophenyl substituent in DPSPX (1,3- 
dipropyl-8-p-sulfophenylxanthine) may confer high A2B 
potency The lack of Z-alkyl substituents in the enpro- 
fylline molecule (3-n-propylxanthine) renders it an inef- 
fective antagonist of other adenosine receptor subtypes. 
The systematic study of the structure activity relation- 



ship for blockade of A2B receptors, considering the above- 
mentioned properties, could result in more potent and 
specific agents. Similarly, A2B receptor antagonists can 
be developed for the treatment of diarrheal processes, if 
adenosine is confirmed to play a role in this process. Tar- 
geting to the site of action could be achieved with com- 
pounds that are poorly absorbed, as long as they are able 
to reach the intestinal crypts involved in intestinal in- 
flammatory processes. 

Our laboratory has recently undertaken a system- 
atic study of xanthine derivatives as A2B receptor antago- 
nists. We used HEL cells as a cellular model, because 
they seem to express only A2B receptors, and used cAMP 
accumulation as evidence of A2B receptor activation. We 
believe this approach is as effective as the alternative of 
using radioligand binding in cells overexpressing A2B re- 
ceptors. Both approaches have provided virtually identi- 
cal estimates of the potency of enprofylline as an A2B 
antagonist (Table 2). After an initial screening of over 100 
compounds, 21 were selected for more detailed evalua- 
tion. Of these, two seem particularly promising (Fig. 1). 
JW-076 was the most potent A2B antagonist studied, v^th 
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Fig. 1 . Antagonistic effects of xanthine derivatives on A2B receptors. Fig- 
ure shows Schild analysis derived from dose-response curves for accu- 
mulation of cAMP produced by NECA in human erythroleukemia cells in 
the absence and in the presence of increasing concentrations of the an- 
tagonists. Schild analysis revealed a linear relationship for all compounds, 
suggesting competitive antagonism at A2B receptors. The intercept to the 
X-axis is an estimate of the Kj of the antagonist. 
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an IC50 of 135 nM. It has a low affinity to A2A receptors 
(IC50 > 3 |iM) and may be useful in differentiating be- 
tween A2 receptor subtypes, but it is an effective Ai an- 
tagonist, with a Ki of 100 nM. On the other hand, JW-007 
seems to be a more selective A2B antagonist, v^th an IC50 
of 770 nM for A2B receptors. It has a much lower affinity 
for Ai receptors (Kj of 14 |iM) and is virtually ineffective 
at A2A receptors (K; > 100 |iM). 

Zwart et al. synthesized C5 substituents of the A2A 
antagonist ZM241385 and found that the benzylamino 
substitute analog was an effective A2B antagonist, vdth an 
IC50 for A2B-mediated adenylyl cyclase activation of 500 
nM, and an K; for inhibition of A2B receptor binding of 
7.7 nM, This compound, however, is nonselective, be- 
cause it is equally potent at A2A receptors [Zwart et al., 
1998]. Derivatives of the nonselective adenosine recep- 
tor antagonist CGS 15943 were also found to be effective 
A2B antagonists with an IC50 of 270 nM, but were nonse- 
lective [Kim et al., 1998]. Similarly, systematic substitu- 
tions at the 2-, 6-, and 8-positions of the purine ring have 
been made with the aim of developing A2B antagonists. 
Of these, 8-bromo-9-ethyladenine showed a Ki of 840 nM 
[Vittori et al., 1998]. It is too early to define the potential 
therapeutic relevance of these or related compounds, but 
these results at least demonstrate the feasibility of devel- 
oping potent and selective A2B antagonists. 

Development of agonists to target A2B receptors, 
e.g., to inhibit vascular smooth muscle growili, would be 
a greater challenge. Substantial progress would need to 
be made to develop a potent enough agonist that would 
selectively activate the low affinity A2B receptor while 
having negligible actions at other receptors. The obser- 
vation that A2B receptors mediate vasodilation of the rab- 
bit corpus cavemosum [Chiang et al., 1994] raises the 
possibility that agonist to this receptor type can be use- 
ful in impotence. Direct injections of adenosine into the 
corpus cavernosum of impotence patients produces a 
brief erection [Kilic et al., 1994], particularly if combined 
with prostaglandin Ei [Chiang et al., 1994]. The brief du- 
ration of effect is clearly related to the short half-hfe of 
adenosine in humans [Moser et al., 1989]. If this effect is 
also mediated by A2B receptors in humans, it will be pos- 
sible to develop stable and selective agonists that can be 
given locally. 
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Adenosine Receptor Activation Induces Vascular Endothelial 
Growth Factor in Human Retinal Endothelial Cells 



Maria B. Grant, Roy W. Tamxizzer, Sergio Cabaliero, Mark J. Ozeck, Margaret I. Davis, 
Polyxenie E. Spoerri, Igor Feoktistov, Italo Biaggioni, John C. Shryock, Luiz Belardinelli 

Abstract — Adenosine, released in increased amounts by hypoxic tissues, is thought to be an angiogenic factor that links 
altered cellular metabolism caused by oxygen deprivation to compensatory angiogenesis. Adenosine interacts with 4 
subtypes of G protein- coupled receptors, termed Aj, A2A, A2B, and A3. We investigated whether adenosine causes 
proliferation of human retinal endothelial cells (HRECs) and synthesis of vascular endothelial growth factor (VEGF) 
and, if so, which adenosine receptor subtype mediates these effects. The nonselective adenosine receptor agonist 
5'-A^-ethylcarboxamidoadenosine (NEC A), in a concentration-dependent manner, increased both VEGF mRNA and 
protein expression by HRECs, as well as proliferation. This proliferative effect of NECA was inhibited by the addition 
of anti-human VEGF antibody. NECA also increased insulin-like growth factor-I and basic fibroblast growth factor 
mRNA expression in a time-dependent manner and cAMP accumulation in these cells. In contrast, neither the Aj agonist 
M-cyclopentyladenosine nor the A2A agonist 2-/?-(2-carboxy ethyl) phenethylamino-NECA caused any of the above 
effects of NECA. The effects of NECA were not significantly attenuated by either the A2A antagonist SCH58261 or the 
Ai antagonist 8-cyclopentyl-l,3-dipropylxanthine. However, the nonselective adenosine receptor antagonist xanthine 
amine congener corripletely inhibited the effects of NECA. Addition of antisense oligonucleotide complementary to A2B 
adenosine receptor mRNA inhibited VEGF protein production by HRECs after NECA stimulation. Thus, the A2B 
adenosine receptor subtype appears to mediate the actions of adenosine to increase growth factor production, cAMP 
content, and cell proliferation of HRECs. Adenosine activates the Ajb adenosine receptor in HRECs, which may lead 
to neovascularization by a mechanism involving increased angiogenic growth factor expression. {Circ Res, 
1999;85:699-706.) 

Key Words: adenosine receptor ■ angiogenesis ■ ischemia ■ hypoxia ■ diabetes 



Tissue hypoxia and ischemia are known to initiate a series 
of events that lead to the development of collateral blood 
vessels' in a process referred to as compensatory angiogen- 
esis. ^ However, the cellular and molecular mechanisms un- 
derlying compensatory angiogenesis have been only partially 
elucidated.^ Potential mediators of compensatory angiogene- 
sis include vascular endothelial growth factor (VEGF),^ basic 
fibroblast growth factor (bFGF),"* insulin-like growth factor-I 
(IGF-I),5 and nucleosides such as adenosine.^ 

Adenosine, the subject of the present study, has been 
proposed to be a factor that links altered cellular metabolism 
caused by oxygen deprivation to the formation of new 
capillaries. ''-^ This proposed role of adenosine is based on the 
observation that this nucleoside is released in increased 
amounts by hypoxic and/or ischemic cells and promotes 
proliferation of endotheUal cells.^-'* Consistent with this 
hypothesis, adenosine and adenosine analogs have been 
reported to affect a number of steps involved in angiogenesis, 



including endothelial cell proliferation,8''2-i4 migration, 15.1 6 
and blood vessel formation in various vascular beds.' 5- 
Adenosine can interact with at least 4 subtypes of G protein- 
coupled receptors, designated Aj, A2A, A2B, and Aa.*^ These 
receptor subtypes are encoded by distinct genes and can, for 
the most part, be differentiated on the basis of their affinities 
for selected agonists and antagonists. '^-^^ Aj and A3 adenosine 
receptors are coupled to pertussis toxin-sensitive inhibitory G 
proteins that inhibit adenylyl cyclase activity, whereas Aja 
(high-affinity) and A2B (low-affinity) adenosine receptors are 
coupled to cholera toxin-sensitive G proteins that stimulate 
adenylyl cyclase activity.^' In most cell types and organ 
systems, activation of Ai adenosine receptors results in 
decreased work, and therefore, reduced O2 consumption. 
Activation of A2A adenosine receptors, on the other hand, 
increases O2 supply by causing vasodilation. 22 Thus, adeno- 
sine is an ideal metabolite to respond to imbalances between 
O2 supply and demand. In the retina, hypoxia is followed by 
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compensatory angiogenesis, which is detrimental and results 
in aberrant blood vessels that are friable and prone to 
bleeding.23 

VEGF is a potent endothelial mitogen, induced by hypoxia 
and hyperglycemia, and has been shown to be an important 
factor in ischemic ocular neovascularization. -26 VEGF 
causes hyperpermeability of blood vessels, which is observed 
in both nonproliferative and proliferative diabetic retinopa- 
thy. VEGF acts through 2 receptors, VEGFR-1 (Flt-1) and 
VEGFR-2 (Flk-l/KDR), both of which are tyrosine kinases. 
VEGF signaling occurs through tyrosine phosphorylation of 
phospholipase C (PLC) and phosphatidylinositol 3'- 
kinase.27'28 The effects of VEGF are also mediated by 
activation of protein kinase C (PKC) to induce membrane 
translocation of PKC isoforms, especially the )3-isoform of 
the enzyme.25 VEGFR-1 mediates the permeability effects 
associated with VEGF, whereas VEGFR-2 mediates the 
proliferative effects of VEGF. Elevated levels of VEGF have 
been detected in vitreous hxmior of diabetic patients with 
proliferative retinopathy.^s More importantly, in animal mod- 
els of retinal neovascularization, inhibition of VEGF blocks 
neovascularization.^^ Other growth factors have been impli- 
cated in ocular angiogenesis, including bFGF^^ and IGF-I.^^ 

The experiments described were performed test the hy- 
pothesis that adenosine regulates expression of the angio- 
genic growth factor VEGF and to determine the adenosine 
receptor subtype that mediates the effect of the nucleoside in 
retinal endothelial cells of human origin. 

Materials and Methods 

5'-A^-ethylcarboxamidoadenosine (NEC A), 2-/?-(2-carboxyethyl) 
phenethylamino-NECA (CGS21680), N*-cyclopentyladenosine 
(CPA), xanthine amine congener (XAC), and 8-cyclopentyl-l,3- 
dipropylxanthine (CPX) were from Research Biochemicals, Inc. 
5-Amino-7-(2-phenylethyl)-2-(2-furyl)-pyrazolo(4,3-E)-l,2,4- 
trizolo(l,5-c) pyrimidine (SCH58261) was a gift from Schering- 
Plough Research Institute. Rabbit anti -human VEGF was from 
Peprotech. Antibodies and conjugates for immunofluorescence were 
as follows. Chicken anti-human A2B adenosine receptor,^^ piTC- 
conjugated rabbit anti-chicken IgG, and nonimmune sera were from 
Sigma-Aldrich. Sense and antisense oligonucleotides corresponding 
to either VEGF or A2B adenosine receptor sequences were synthe- 
sized by Life Technologies. The sequences were chosen from the 
region proximal to and including the start codon using published 
sequence information for these genes. The antisense sequences are as 
follows: VEGF, AGACAGCAGAAAGTTCATGG, and A^b adeno- 
sine receptor, CAGCGCGTCCTGTGTCTCCAGCAGCATGG. 
Sense sequences are the complement of the antisense sequences 
shown. 

Human retinal endothelial cells (HRECs) were prepared and 
maintained as previously described.^^ Cells in passages 3 to 6 were 
used for the studies. The identity of HRECs was validated by 
demonstrating endothelial cell incorporation of fluorescently labeled 
acetylated LDL and by fluorescence-activated cell sorting analysis as 
previously described.^^ For all experiments, cells were starved of 
serum overnight and then incubated with adenosine deaminase type 
III (2 U/mL, Sigma-Aldrich) for 20 minutes before test agents were 
added. Adenosine receptor agonists and antagonists were added at 
concentrations ranging from 5 nmoI/L up to 100 ^mol/L in serum- 
free medium containing adenosine deaminase type III and then 
incubated for additional times as indicated in specific results. 

cAMP was measured in response to adenosine receptor agonists 
and/or antagonists as described.^"* Conditioned medium was used to 
measure changes in VEGF protein in response to adenosine receptor 
agonists and/or antagonists using an ELISA kit (R&D Systems, Inc). 



HREC proliferation was determined by measuring DNA synthesis 
via colorimetric detection of bromodeoxyuridine (BrdU) incorpora- 
tion using a kit (Roche Molecular Biochemicals), and also by 
changes in cell number. BrdU incorporation was also used to 
measure the effect of anti-VEGF antibody on adenosine receptor 
agonist-induced HREC proliferation. The potential reduction of 
VEGF synthesis induced by adenosine receptor agonist was tested by 
ELISA after inclusion of antisense oligonucleotides directed against 
mRNA for either Ajb adenosine receptor or VEGF. Quantitative 
reverse transcriptase-polymerase chain reaction (RT-PCR), using a 
competitive synthetic multiplex template as described previously,^^ 
was performed to measure changes in mRNA af^er treatment with 
adenosine receptor agonists and/or antagonists. Immunofluorescent 
confocal microscopy was used as described^^ to demonstrate both the 
presence of A2B adenosine receptors and uptake of fluorescence- 
labeled acetylated LDL in HRECs grown on multichamber glass 
slides (Nalge Nunc International). 

Statistical Analysis 

Comparisons between treatment groups (as described in the figure 
legends) were analyzed by 1-way ANOVA followed by the Bonfer- 
roni / test. Data are expressed as mean±SEM. Values of P<0.05 
were considered statistically significant. 

An expanded Materials and Methods section is available online at 
http://www.circresaha.org. 

Results 

The nonselective adenosine receptor agonist NECA, after 48 
hours of exposure, induced a concentration-dependent in- 
crease in DNA synthesis by HRECs, as indicated by BrdU 
incorporation (Figure lA). In contrast, neither the Aja aden- 
osine receptor agonist CGS21680 (10 nmol/L to 10 /xmol/L) 
nor the Ai adenosine receptor agonist CPA (10 nmol/L to 
10 /xmol/L) increased BrdU incorporation by HRECs (Figure 
lA). The addition of the adenosine receptor antagonist XAC 
completely prevented NECA-stimulated BrdU incorporation 
(Figure IB). In contrast, neither the selective Aj adenosine 
receptor antagonist CPX (20 nmol/L) nor the selective A2A 
adenosine receptor antagonist SCH58261 (60 nmol/L) atten- 
uated the stimulatory effect of NECA on BrdU incorporation 
by HRECs (Figure IB). 

The data for cell counts were consistent with those for 
BrdU incorporation. Treatment with NECA for 48 hours 
resulted in a concentration-dependent increase in HREC 
number, whereas neither CGS21680 nor CPA caused an 
increase in cell nimiber (Figure 2A). Of the 3 adenosine 
receptor antagonists tested, only XAC (10 ^tmol/L) signifi- 
cantly inhibited the increase in cell nxmiber induced by 
10 /imol/L NECA (Figure 2B), 

cAMP Accumulation 

To obtain evidence for the presence of the A2B adenosine 
receptors in HRECs, we performed assays for cAMP content 
in intact HRECs after treatment of cells with adenosine 
receptor agonists and antagonists. The nonselective adenosine 
receptor agonist NECA increased the cAMP content of 
HRECs in a concentration-dependent manner (Figure 3A), 
with an EC50 value of 24 /xmol/L. In contrast, the selective 
high-affinity Aza adenosine receptor agonist CGS21680 (at 
concentrations up to 1 00 ^mol/L) had no significant effect on 
cAMP content of HRECs (Figure 3 A). The effect of selective 
At and A2A adenosine receptor antagonists on NECA-induced 
accumulation of cAMP was also examined- NECA (10 /jimol/L)- 
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Figure 1. A, DNA synthesis in HRECs exposed to basal 
medium {0)» ie, nutrient medium without supplements; growth 
medium (□); or basal medium supplemented with increasing 
concentrations of the selective Aza adenosine receptor agonist 
CGS21680 (■), the selective Ai adenosine receptor agonist 
CPA (A), or the nonselective adenosine receptor agonist NECA 
(♦) for 48 hours, DNA synthesis was quantified by measuring 
BrdU incorporation as described in Materials and Methods. 
Increase in BrdU incorporation caused by NECA was signifi- 
cantly different (P<0.05) from both CGS21680 and CPA at con- 
centrations ranging from 100 nmol/Lto 10 ptmoI/L *Significantly 
different from basal medium, by ANOVA (P<0.05). 8, BrdU 
incorporation in HRECs exposed simultaneously to the nonspe- 
cific adenosine receptor agonist NECA and the selective Ai 
receptor antagonist CPX, the selective A2A receptor antagonist 
SCH58261 (SCH), or the nonselective receptor antagonist XAC 
for 48 hours. Untreated cells were maintained in basal nutrient 
medium. *Signlficantly different from 10 ptmol/L NECA, by 
ANOVA {P<0.05). A and B, Data are mean±SEM of 4 indepen- 
dent experiments. 

induced increase in cAMP content in HRECs was not 
significantly inhibited either by the selective A2A adenosine 
receptor antagonist SCH58261 (60 nmol/L) or by the selec- 
tive Al adenosine receptor antagonist CPX (20 nmol/L) 
(Figure 3B). On the other hand, the nonselective adenosine 
receptor antagonist XAC (10 /xmol/L) completely blocked 
the effect of NECA on cAMP accumulation. 

Quantification of VEGF, IGF-I, and bFGF mRNA 
in HRECs 

To determine whether NECA stimulates angiogenic growth 
factor mRNA expression in HRECs, total mRNA from 
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Figure 2. Changes in cell number caused by 48-liour exposure 
to adenosine receptor agonists and antagonists. A, Effects of 
NECA {♦), CGS21680 (■), and CPA (A) on cell number. *Signif- 
icantly different from basal medium, by ANOVA (P<0.05). B, 
Effects of XAC, CPX, and SCH58261 (SCH) on mean cell num- 
ber in the presence of 10 /imol/L NECA. *Significantly different 
from 10 ptmol/L NECA, by ANOVA (P<0.05). A and B, Data are 
mean±SEM of 3 different experiments. 

HRECs exposed to NECA was subjected to quantitative 
RT-PCR. Treatment of HRECs with NECA (10 nmol/L to 
10 /jtmol/L) for 2 hours induced a concentration-dependent 
increase in expression of mRNA for VEGF by up to 4.6-fold 
(from 0.4X 10^ to 1 .85X 10^ copies//xg RNA), compared with 
untreated control cells. After 8 hours of exposure to NECA, 
cell mRNA levels for VEGF in cells treated with NECA had 
returned to baseline. HRECs were also treated with the Am 
adenosine receptor agonist, CGS21680 (10 nmol/L to 
10 /Amol/L), and the Ai adenosine receptor agonist, CPA (10 
nmol/L to 10 ^mol/L). In contrast to NECA, neither 
CGS21680 nor CPA caused a significant change in VEGF 
mRNA expression (data not shov^). 

The increase in mRNA for VEGF caused by 10 /imol/L 
NECA was not attenuated significantly either by the selective 
A2A adenosine receptor antagonist SCH58261 (60 nmol/L) or 
by the selective Aj adenosine receptor antagonist CPX (20 
nmol/L) (Figure 4). The nonselective antagonist XAC 
(10 fjtmol/L) completely attenuated NECA-induced increases 
in mRNA for VEGF (Figure 4). NECA (10 /otmol/L) also 
induced a time-dependent increase in mRNA for both IGF-I 
and bFGF. IGF-I mRNA levels increased by 2.2-fold after 2 
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Figure 3. A, cAMP content of HRECs exposed to increasing 
doses of either the selective A2A adenosine receptor agonist 
CGS21680 or the nonselective adenosine receptor agonist 
NECA. Data are mean+SEM of 4 independent experiments. B, 
cAMP content of HRECs exposed to NECA alone or in combi- 
nation with either the selective Ai adenosine receptor antagonist 
CPX, the selective Aja adenosine receptor antagonist SCH58261 
(SCH), or the nonselective adenosine receptor antagonist XAC 
at the concentrations indicated. Data are mean±SEM of 3 inde- 
pendent experiments. "Significantly different from 1 0 /umol/L 
NECA, by ANOVA (P<0.05). 



hours of exposure (from 30X10^ copies//xg RNA to 65X10^ 
copies/iLtg RNA) and 11.7-fold (350X10^ copies/iitg RNA) 
after 8 hours of exposure to NECA. Similarly, bFGF mRNA 
increased 3.7-fold after 2 hours of exposure (from 2X10^ 
copies/fig RNA to 7.4X10^ copies//xg RNA) and 11.4-fold 
(22.8X10^ copies/^Lg RNA) after 8 hours of exposure to 
NECA. 

Quantification of VEGF Protein in 
Conditioned Medium 

To determine whether the increase in VEGF mRNA expres- 
sion resulted in increased protein levels, VEGF was measured 
in conditioned medium after 8 hours of exposure to NECA, in 
the presence or absence of adenosine receptor antagonists 
(Figure 5). NECA increased VEGF protein, but neither the Ai 
adenosine receptor agonist CPA (not shown) nor the Aja 
adenosine receptor agonist CGS21680 caused an increase in 
VEGF protein (Figure 5). The increase in VEGF protein 
caused by NECA was not attenuated by either the selective 
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Figure 4. Changes in VEGF mRNA expression in HRECs 
exposed for 2 hours to the nonselective adenosine receptor 
agonist NECA alone or in combination with either the selec- 
tive Ai adenosine receptor antagonist CPX, the selective A2A 
adenosine receptor antagonist SCH58261 (SCH), or the non- 
selective adenosine receptor antagonist XAC at the concen- 
trations indicated. A, Representative photograph of ethidium 
bromide-stained agarose gel showing the 2 amplification 
products from the competitive RT-PCR reaction (described in 
Materials and Methods). The PCR products for the target 
VEGF and template sequences were 326 and 235 bp, respec- 
tively. B, Plot of band intensities of target-to-template ratio vs 
template copy number. Note the left shift of the line for XAC, 
indicating a decrease in target mRNA expression to a level 
similar to that of untreated cells. C, Graphical representation 
of the data plotted in B. Data are mean±SEM of 2 indepen- 
dent experiments. *Significantly different from 10 /amol/L 
NECA, by ANOVA (P<0.05). 



A2A adenosine receptor antagonist SCH58261 (60 nmol/L) or 
by the selective Aj adenosine receptor antagonist CPX (20 
nmol/L). Only the nonselective adenosine receptor antagonist 
XAC (10 fjtmol/L) completely inhibited the action of NECA 
to increase VEGF protein expression (Figure 5). 

Effect of Anti-VEGF Antibody on NECA-Induced 
HREC Proliferation 

Incubation with 10 ng/mL VEGF resulted in BrdU incorpo- 
ration to a level approximating that induced by normal 
growth medium. The anti-VEGF antibody at 100 ng/mL 
significantly reduced DNA synthesis induced by VEGF 
(Figure 6). Incubation with NECA (10 /xmol/L) increased 
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Figure 5. VEGF content in conditioned medium from HRECs 
exposed for 8 hours to NECA alone or in combination with the 
selective Ai adenosine receptor antagonist CPX, the selective 
A2A adenosine receptor antagonist SCH58261 (SCH), or the 
nonselective adenosine receptor antagonist XAC at the concen- 
trations indicated. Untreated cells (negative control) and cells 
exposed to the selective A2A adenosine receptor agonist CGS 
(agonist control) are shown for comparison. Data are 
mean±SEM of 4 independent experiments. *Significantly differ- 
ent from 10 Amiol/L NECA, by ANOVA (P<0.05). 

DNA synthesis to levels comparable with that induced by 
normal growth medium. The addition of anti-VEGF antibody 
resulted in a decrease in NECA-induced BrdU incorporation, 
which was statistically significant at the highest concentration 
of antibody used (Figure 6). Similar results were observed at 
either 24 or 48 hours of exposure to the test agents. 

Effect of Antisense Oligonucleotides on VEGF 
Induction by NECA 

Both A2B adenosine receptor and VEGF antisense oligonu- 
cleotides caused a significant decrease of VEGF in the 
conditioned medium after NECA exposure (Figure 7). This 
effect was most pronounced for the receptor antisense 
oligonucleotide with 10 nmol/L NECA, but it was evident 
for all concentrations of NECA tested. The VEGF anti- 



sense oligonucleotide also caused a decrease in secreted 
VEGF in response to NECA, although not to the same 
magnitude as that observed with the A2B adenosine recep- 
tor antisense. 

Immunofluorescence 

Analysis of acetylated LDL uptake indicates that the cells 
are indeed of endothelial origin (Figure 8A). These results 
were confirmed by immunofluorescent labeling with anti- 
body to coagulation factor VIII (data not shown). Labeling 
with A2B adenosine receptor antibody clearly demonstrated 
that the tested cells express the A2B receptor subtype 
(Figure SB and 8C). 

Discussion 

In this report, we demonstrate that the nonselective adenosine 
receptor agonist NECA, but neither the Aja adenosine recep- 
tor agonist CGS21680 nor the A, adenosine receptor agonist 
CPA, stimulates HREC DNA synthesis, proliferation, and 
cAMP accumulation. Furthermore, neither the selective A2A 
adenosine receptor antagonist SCH58261 nor the A, adeno- 
sine receptor selective antagonist CPX attenuated signifi- 
cantly the effects of NECA. Only the nonselective adenosine 
receptor antagonist XAC reduced significantly the NECA- 
mediated increase of DNA synthesis, cell proliferation, 
cAMP content, and VEGF synthesis. The A2B adenosine 
receptor, which we localized in HRECs using a specific 
antibody, is the predominant adenosine receptor subtype 
responsible for mediating the actions of NECA. Equally or 
more importantly, the addition of VEGF antibody decreased 
significantly NECA-induced BrdU incorporation. This find- 
ing provides strong evidence that VEGF plays a major role in 
mediating the mitogenic effect of NECA and, presumably, 
the natural ligand adenosine. We also demonstrated a signif- 
icant increase in expression of mRNA for both IGF-I and 
bFGF after 8 hours of exposure to NECA. Thus, our data also 
raise the possibility that, in addition to VEGF, IGF-I and 
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Figure 6. BrdU incorporation as a mea- 
sure of DNA synthesis in HRECs after 
stimulation with NECA alone or in com- 
bination with a blocking antibody to 
VEGF. Data are mean±SEM of 3 inde- 
pendent experiments. Open bars are 
results after 24 hours of exposure; filled 
bars are results after 48 hours. Serum- 
free medium (SFM) and normal growth 
medium (GM) were used as negative 
and positive controls, respectively. *Sig- 
nificantly different from 10 |tmol/L NECA 
alone for the respective exposure time, 
by ANOVA (P<0.05). tSignificantly dif- 
ferent from 1 0 ng/mL VEGF alone for 
the respective exposure time, by 
ANOVA (P<0.05). 
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Figure 7. VEGF content in conditioned 
medium from HRECs after stimulation 
with NECA in the presence or absence 
of sense or antisense oligonucleotides 
homologous to the human A2B adenosine 
receptor or to human VEGF. Assay dura- 
tion was 48 hours. The presence of 
sense oligonucleotide serves to control 
for nonspecific oligonucleotide effects. 
Data are meaniSEM of 3 determina- 
tions. *Significantly different from the 
respective condition (GM or increasing 
concentrations of NECA) receiving no 
oligonucleotide, by ANOVA (P<0.01). 
^Significantly different from 10 ^mol/L 
NECA, by ANOVA (P<0.05). 



bFGF may contribute in part to the proliferative effect of 
NECA. 

In HRECs, NECA caused a concentration-dependent in- 
crease in VEGF mRNA as well as an increase in secreted 
VEGF protein that was blocked by an antisense oligonucle- 
otide complementary to A2B adenosine receptor mRNA. In 
contrast, neither the A2A agonist CGS21680 nor the Ai agonist 
CPA affected the expression either of VEGF mRNA or 
protein, ruling out a role for either A2A or Aj adenosine 
receptors in mediating increased VEGF expression, increased 
BrdU incorporation, and cell proliferation. NECA-induced 
increases in expression of both VEGF mRNA and protein by 
HRECs were blocked by the nonselective adenosine receptor 
antagonist XAC, whereas the Ap and AzA-selective adenosine 
receptor antagonists CPX (20 nmol/L) and SCH58261 (60 
nmol/L), respectively, did not attenuate these increases. The 
antagonists CPX and SCH58261 were used at concentrations 
at which their selectivity for Ai and A2A receptors has been 
demonstrated in cardiovascular preparations. ^^-^^-^^ On the 
other hand, XAC was used at a concentration (10 ixmoXfL) 
that should be sufficient to antagonize effectively Ai, A2A, 
AjB, and possibly the A3 receptor-mediated responses. 

Hence, the evidence supporting the role of A2B adenosine 
receptors as the adenosine receptor subtype that mediates the 
effects of NECA reported here can be summarized as follows: 
(1) A2B receptors were localized in HRECs using immuno- 
fluorescence microscopy with the A2B antibody; (2) antisense 
oligonucleotides homologous to the A2B receptor blocked 
NECA-stimulated VEGF production; (3) neither the A, nor 
the A2A receptor agonists had any effect on BrdU incorpora- 
tion, cell proliferation, or cAMP production; (4) neither the 
Ai nor the A2A antagonists, used at the concentration at which 
they are selective for their receptor subtype, antagonized the 
effects of NECA; and (5) the nonselective but potent Ajb 
antagonist XAC used at high concentrations significantly 
attenuated the effects of NECA. 

Taken together, the data support the hypothesis that the A2B 
adenosine receptor, but neither the A, nor the A2A receptor, is 



responsible for mediating the actions of NECA on cAMP 
accumulation and VEGF synthesis in cultured HRECs. The 
results of our studies do not rule out a possible role of A3 
receptor in mediating the effects of NECA. However, this is 
unlikely, because the affinity {K) of XAC for the A3 adeno- 
sine receptor is 29 /xmol/L, which is higher than the concen- 
tration (10 ^imol/L) used in our studies.^^'^^ Our conclusion 
that the Azb receptor is the most likely adenosine receptor 
subtype that mediates the effects of NECA — and presumably 
adenosine — on HRECs differs from that reported by Takagi 
et al.^^-'*' These investigators, using retinal endothelial cells of 
bovine origin, concluded that the proliferative action of 
adenosine is mediated by Aja receptor. Takagi et aP** also 
reported that acute hypoxia causes a decline in KDR/Flk 
mRNA levels as well as VEGF binding sites on the cell 
surface. On the other hand, chronic hypoxia was associated 
with increased KDR/Flk message levels.'*** More importantly, 
Takagi et aH^ also reported that the endogenous adenosine 
released by hypoxic bovine retinal endothelial cells was 
sufficient to stimulate VEGF message expression. Species 
differences and passage number may account for differences 
in the observed adenosine receptor subtype in retinal endo- 
thelial cells. Furthermore, distinct adenosine receptor sub- 
types may mediate the proliferative effects of adenosine in 
endothelial cells from different vascular beds, even within the 
same species. 

Protein kinase A and members of the mitogen-activated 
protein kinase, family such as extracellular signal-regulated 
kinases 1 and 2 (ERK1/ERK2) are potential mediators of 
adenosine-mediated cell proliferation.'*^-'^ Activation of the 
Ajb adenosine receptor results in cAMP generation via Gs. A2 
receptor activation and stimulation of adenylyl cyclase/pro- 
tein kinase A pathways can either activate'* or inhibit*5-47 
growth factor-stimulated ERK activity. 

A2B adenosine receptor signaling through G^^ also 
results in increased levels of ERK.'*^ Therefore, A2B recep- 
tor stimulation of Gq/i,, PLC, and PKC may synergize with 
or potentiate the effects of traditional tyrosine kinase- 
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Figure 8. A, Fluoromicrograph of subconfluent HRECs that 
were incubated for 6 hours with 5 /ig/mL fluorescence-labeled 
acetylated LDL Magnification, xl20. Cells were visualized 
using a standard FITC long-pass excitation remission filter set. 
Note the abundance of punctate perinuclear fluorescence in the 
HRECs. Cultured human coronary artery smooth muscle cells 



coupled growth factors/s-'*^ either through c-^rc-depen- 
dent activation of ERK or through PKC-dependent, src- 
independent, pathways. Because forskolin-mediated 
adenylyl cyclase activity does not activate VEGF expres- 
sion in endothelial cells, Gq/n- and PKC-mediated acti- 
vation of ERK may contribute to activation of transcription 
factors and lead to the induction of message for VEGF.^* 
Thus, AzB receptor activation can mediate proliferation by 
inducing growth factor synthesis and through stimulation 
of Gq/n, PLC, and PKC pathways. 

Angiogenesis is a compensatory mechanism in response to 
insufficient tissue oxygenation.^ In the retina of diabetic 
individuals, homeostatic abnormalities lead to retinal nonper- 
ftision and subsequent ischemia. Ischemia leads to new 
vessel formation and disruption of the normal retinal vascu- 
lature, the hallmarks of proliferative diabetic retinopathy. 
Our findings raise the possibility that selective A2B adenosine 
receptor antagonists could be used as a novel therapeutic 
approach to block the inciting events leading to aberrant 
angiogenesis in proliferative diabetic retinopathy. Pharmaco- 
logical modulation of the neovascular response in a nonde- 
structive maimer should have significant advantages over 
current therapeutic approaches. 

By blocking the Ajb adenosine receptor, the action of 
adenosine to induce the growth factor cascade may be 
inhibited, and blocking the Ajb adenosine receptor may 
attenuate aberrant cellular proliferation. In summary, our 
results provide strong evidence that the proliferative effect of 
adenosine on HRECs is caused by increased expression of 
VEGF and probably other growth factors, and this effect is 
mediated by the A2B adenosine receptor. 
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Adenosine is thought to be a major effector in immu- 
nological stimulation of CI" secretion in intestinal epi- 
thella. Previous studies indicate that both apical and 
basolateral domains of intestinal epithelial cells possess 
functionally defined adenosine receptors. However, it is 
unclear whether the same receptor subclass is ex- 
pressed, what the receptor subclass(es) is, or how the 
receptors signal the Cl~ secretory response. We now 
characterize the intestinal epithelial adenosine recep- 
tor subtype using the model epithelium, T84. Both apical 
and basolateral adenosine receptor agonist response 
profiles revealed a hierarchy (ED^o) of 5'-(iV-ethylcar- 
boxamido) adenosine > adenosine > CGS-21680. Simi- 
larly, inhibition studies revealed identical ID50 hierar- 
chies for apical and basolateral antagonism by xanthine 
amine congener > l,3-diethyI-8-phenylxanthine > amino- 
phylline. Analyses of both agonist and antagonist phar- 
macological hierarchies in Chinese hamster ovary cells 
stably expressing the A^i, receptor revealed these same 
hierarchies. Northern blots performed on RNA ex- 
tracted from polarized T84 monolayers demonstrated no 
detectable message for A^ or A^a adenosine receptor, but 
strong hybridization was detected for the A^b adenosine 
receptor. Subsequent Northern blots of RNA prepared 
from human alimentary tract revealed that Agb adeno- 
sine receptor message was heavily expressed through- 
out the colon, in the appendix, and more modestly ex- 
pressed in the small intestine (ilemn). Analyses of cAMP 
generation in T84 cells in response to adenosine indi- 
cated that the basolateral Agh receptor elicits Cl~ secre- 
tion through this signaling pathway. Stimulation of CI" 
secretion through the, apical Aab re.ceptor exhibitfsd rel- 
atively small but significant increases in cAMP com- 
pared with basolateral stimulation. The protein kinase 
A inhibitor H-89, used at concentrations that did not 
affect short circuit current responses to the Ca^^-medi- 
ated agonist carbachol, e^ectively inhibited short cir- 
cuit current elicited by either apical or basolateral 
adenosine. These data suggest that the m^jor intestinal 
epithelial adenosine receptor is the A2b subclass, which 
is positively coupled to adenylate cyclase. Such obser- 
vations have potentially important implications for the 
treatment of diarrheal diseases. 



The purine nucleoside adenosine regulates ion transport in a 



* This work was supported by National Institutes of Health Grants 
DK-35932, DK-47662. DK-42125. and DK-48106. The costs of publica- 
tion of this article were defi:^yed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement' 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact 

§ To whom correspondence should be addressed: Dept. of Pathology, 
Brigham and Women's Hospital, 20 Shattuck St., Thorn 1419, Boston, 
MA 02115. TeL: 617-732-6528; Fax: 617-732-6796. 



variety of epithelia. For example, adenosine elicits electrogenic 
Cl~ secretion in a variety of epithelia (1-3). In intestinal epi- 
thelia, this Cl~ secretory pathway results in movement of iso- 
tonic fluid into the lumen, a process that naturally serves to 
hydrate the mucosal surface but, in the extreme, produces 
secretory diarrhea (4, 5). Up-regulation of this secretory muco- 
sal flush often parallels active inflammatory responses elicited 
by lumenal pathogens and, by reducing the duration of coloni- 
zation by these pathogens, serves as a crude form of mucosal 
defense (4, 6, 7). We have recently shown that both polymor- 
phonuclear leukocytes (PMN)* and eosinophils, when acti- 
vated, release a soluble agonist that directly stimulates elec- 
trogenic Cl~ secretion by intestinal epithelial cells (8-10). 
Subsequent studies have shown that this PMN-eosinophil- 
derived secretagogue is 5 '-AMP, which is rapidly converted to 
adenosine at the epithelial surface via the ectoenzyme, ecto-5'- 
nucleotidase (11). In addition to release of 5'-AMP by PMN and 
eosinophils, release of adenosine by mast cells is also thought 
to be a key mediator of mucosal inflammation (1, 12, 13). These 
data support the notion that adenosine serves as a msgor di- 
rect-acting secretagogue in a variety of inflammatory states. 

Studies performed using intestinal mucosal sheets or cul- 
tured human intestinal epithelial cells such as T84 cells, which 
appropriately model Cl~ secretion, indicate that adenosine is 
an effective secretagogue whether placed apically or basolater- 
ally (11, 14). The presence of apical receptors on these polarized 
epithelial cells is conceptually important Inflammatory cells 
(PMN and eosinophils) respond to lumenal pathogens by mi- 
grating across the epithelium (7, 15, 16), Once in the Ixunen, 
paracrine release of 5'-AMP permits efficient conversion to 
adenosine, since the glycosylphosphatidylinositol-linked ec- 
toenzyme is expressed in polarized fashion on the apical 
membrane of enterocytes (11). Thiis, engagement of the apical 
5'-AMP-adenosine signaling pathway subsequent to transepi- 
thelial migration facilitates coupling of two defenses: (i) trans- 
location of inflammatory cells into the threatened lumenal 
compartment and (ii) subsequent volume fliish of the mucosal 
surface. However, it is unclear which adenosine receptor sub- 
class(es) are expressed by intestinal epitheHal cells, whether 
apical and basolateral membranes express different receptor 
subtypes and how the specific subclass of adenosine receptor(5) 
expressed are coupled to signaling cascades that permit acti- 
vation of electrogenic Cl~ secretion. Several subclasses of aden- 
osine receptors (AdoR) exist (A^, Aga, A3), all of which are 



* The abbreviations used are: PMN, polymorphonxiclear leukocytes; 
NECA, 6'-(iV-ethylcarboxaniido)adenosine; XAC, xanthine amine con- 
gener, DFX, l,3-diethyl-8-phenylxanthine; AM, aminophylline; DPM, 
dipyridamole; CHO cells, Chinese hamster ovary cells; AdoR, adenosine 
receptor, HBSS, Hanks' balanced salt solution; Isc, short circuit 
current; IBMX, 3-isobutyl-l-methylxanthine; PGR, polymerase chain 
reaction. 
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examples of guanine nucleotide-coupled receptors (17-23). 
Each AdoR subclass appears to exhibit restricted tissue expres- 
sion and unique pharmacokinetics (17-19, 24). Studies using 
mammalian expression systems suggest that all of these aden- 
osine receptors may couple to adenylate cyclase (17-21, 23, 24). 
In contrast, studies of Ado-elicited intestinal CI" secretion 
indicated that the AdoR signaling pathway in this epithelium 
does not appear to involve a cAMP, cGMP, or an intracellular 
calcium signal (8, 11, 25, 26). 

Here, we report that the polarized human intestinal epithe- 
lial cell line, T84, which serves as a predictive and widely used 
model for the study of regulated intestinal Cl~ secretion, ex- 
clusively expresses the recently cloned A^b adenosine receptor 
subclass. The basolateral A2b receptor is positively coupled to 
adenylate cyclase as assessed by measurement of intracellular 
cAMP. Signaling through the apical receptor by adenosine also 
elicits a dose-dependent increase in intracellular cAMF, which 
is significantly smaller than that observed in cells stimulated 
with basolateral adenosine. However, specific inhibition of pro- 
tein kinase A confirms that both apical and basolateral aden- 
osine receptor signal transduction is mediated by cAMP. 
Lastly, analyses of A^t message in mucosal samples from along 
the human alimentary tract suggest that the Agb receptor is 
richly expressed at many sites, particularly in the colon. These 
data may have important implications for structuring new 
therapies for diarrheal disease associated with intestinal in- 
flammation in humans. 

MATERIALS AND METHODS 

Cell Culture — Approximately 10^ monolayers were used for these 
studies. Confluent monolayeis of the human intestinal epithelial cell 
line T84 were grown on collagen-coated permeable supports and main- 
tained until steady-state resistance was achieved, as previously de- 
scribed (27). The con£guratioa of the meoority of monolayers \ised was 
identical to that previously developed for a microassay (28). Measure- 
ments of transepithelial resistance, voltage, and short-drcuit current 
(Isc) were performed in Hanks' balanced salt solution (HBSS) using 
standard biophysical techniques as previously described (9, 27, 28). 
Studies of cAMP generation were performed both using 0.33- and 6-cm^ 
inserts. Chinese hamster ovary cells (CHO) tranafected with the mouse 
Agfa receptor were grown in 24-well plates in the presence of positive 
selection (geneticin) aa described (19). For assays of Ado responses, 
CHO cells were washed and refed with media lacking geneticin 2 days 
prior to use, grown 2 days, and then washed with HBSS. Responses to 
adenosine analogs were analyzed as described below. 
. . MMP^ Jk^easu^eme/I^— Measurements of cAMP were performed on 
ethanol extracts of cells obtained from monolayers grown on permeable 
supports, using a radioimmunoassay kit as directed by the supplier 
(DuFont NEN). Briefly, after monolayers were washed with HBSS"^ and 
incubated 10 min, base line Isc readings were taken, and then agonists 
were added by the addition of 10% volume buffer containing agonist. 
For antagonist studies, the added 10% volume contained both adeno- 
sine and specific antagonist. The dose-response curves for antagonist 
inhibition of adenosine cAMP responses were performed using 100 fiM, 
adenosine (a dose at which cAMF increases 1 order of magnitude above 
base line). 5 min after stimulation, short drcuit responses were ac- 
quired to verify the level of Cl~ secretion. At 10 min, reservoirs were 
aspirated from the monolayers, and 4 *>C HBSS"^ was added to stop the 
reaction. Quickly, the filters on which monolayers rested were cut firom 
the plastic supports and placed in eppendorfs containing extract buffer 
(66% ethanol, 33% HBSS***) at 4 °C. Where indicated, the phosphodies- 
terase inhibitor 3-isobutyl-l-me^ylxanthine (ZBMX) (1 mM, Sigma) 
waa included in the extract buffer. Monolayers were compacted and 
centrifuged, and an aliquot (100 /xl) was withdrawn for the radioimmu- 
noassay. 

Molecular Analyses — ^Northern blot analysis was performed on poly 
(A)* UNA isolated firom six 5-cm^ monolayers of T84 cells carefully 
scraped off the filters in cold HBSS and concentrated by low speed 
centrifiigation. Primary tissue was acquired &om the frozen section 
room of Brigham and Women's Hospital, mucosa stripped of the under- 
lying muscularis, rapidly frozen on aluminum foil set on dry ice, and 
stored \mtil use. Total RNA was isolated using the guanidium-thiocy- 
anate method, and poly(A)'^ RMA was isolated using oligo(dT) (29). 6 pig 
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Fig. 1. Isc time course and dose response of T84 cells to NECA. 
Both panels display the T84 Isc response to apical (■) or basolateral (#) 
stimulation with 1 pM NEGA. The upper panel (A) illustrates the time 
course of T84 Isc response to NKCA, while the bottom panel (B) repre- 
sents the dose response. Each point represents the mean of at least four 
experiments performed in duplicate or triplicate. 

of poiy(A)^ RNA were fractionated on a 1% agarose-formaldehyde gel 
and transferred to a nylon membrane (CjeneScreen, DuPont NEN). 
Blots were hybridized with the requisite AdoR cDNA ^P-labeled by the 
method of random priming (specific activity > 10^ cpm/|ig). Hybridisa- 
tion reactions were performed in 60% formamide, 1 M NaCl, 1% SDS, 
10% dextran sulfate, and denatured salmon sperm (100 fig^ml) at 42 °C 
overnight The final wash of blots was 0.2 x SSC (1 X SSC = 0.15 M 
NaCl, 0.015 M sodium citrate, pH 7.0) and 1% SDS at 65 "C for 40 min. 
Blots were exposed to x-ray film with an intensifying screen at -80 °C 
for 3 days. 

Reverse Transcriptase-PCR Probing for AdoR Subclass Expression^ 
Poly CA)"^ RNA was prepared from T84 cells using estabjlish^d methods. 
2 /ig of the RNA were primed wi^ oligo(dT) and reverse transcribed 
with avian myeloblastosis virus reverse transcriptase (Promega). The 
first strand cDNA was subjected to two rounds of 30 cycles each of PCR 
amplification with 1 Mg of primer A (TCAGAATTCTA{T/C)AT(30TI- 
TAOTA/T)(Cyr)AA(C/r)Tr(<yr)TT) and primer B (TTCAACKnTG. 
GIACA/Q)CCA(A/G)((VG)(A/T)IA(A/G)I(K7(A/6)AA). Each reaction cycle 
consisted of incubations at 94 °C for 1.6 min, 46 "C for 2 min, and 72 *C 
for 2 min with Ampli Taq DNA polymerase (Perldn-Elmer Corp.). The 
amplified DNA waa digested with iTitndlll and EcoHl and separated on. 
an agarose geL A prominent DNA band of approximately 220 base pairs 
was apparent, which was subsequently used to prepare and sequence 
recombinant clones as previously described (19). 

Reagents—AH tissue culture supplies were obtained firom Life Tech- 
nologies, Inc., and cAMP radioimmunoassay kits were fiom DuPont 
NEN. AdoR agonists and antagonists and Ado uptake inhibitors were 
purchased fi-om Research Biochemicals Inc. (Natick, MA), except aden- 
osine. H-89 was obtained from Seikagaku America, Inc. (Rockville. 
MD). All other reagents were obtained from Sigma and Calbiochem. 

RESULTS 

Adenosine Receptor Stimulation — ^A Isc representing electro- 
genic Cl~ secretion may be elicited &om T84 cells by the appli- 
cation of adenosine or its analogs to either the apical or baso* 
lateral membrane (11, 13, 14). Fig. 1 shows that both apical and 
basolateral NECA, a non-metabolizable AdoR agonist, rapidly 
stimulate a Isc response from T84 cells (dlsc^dt; peak Isc = 
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Fig. 2. Isc dose-response curves for adenosine agonists. Apical 
(left panel) and basolateral (right panel) Isc stimulation of T84 colls by 
NECA (•), Ado and CGS-21680 (A) were performed in duplicate, 
with each paint representing the mean of at least four experiments. 
Data are presented as the percent of the maximal Isc response observed 
in each experiment. 

70.76 ± 8.85 fjAJcm^ for apical and 69.92 ± 6.17 /xA/cm^ for 
basolateral stimulation). The NECA-elicited increases in Isc for 
apical and basolateral stimulation show nearly identical time 
constants (apical 25.53 /iA/cm^/min and basolateral 24.56 puA/ 
cmVmin) and dose dependence {EDgo = 0.16 ± 0.03 pJA and 
0.06 ± 0.02 /m, respectively) (Fig. IB). The T84 monolayers 
used for these studies had high electrical resistance (800-1200 
ohm cm^), as is typical for this cell line (27). Such severe 
restriction on the passive permeation of small hydrophilic sol- 
utes permits sidedness of responses to be dearly sepeu'ated 
since agonists will not diffuse across the monolayer to activate 
receptors on the opposing membrane. Thus, these data confirm , 
the presence of adenosine receptors on both apical and baso- 
lateral membranes and suggest that there is little difference in 
signaling from apical or basolateral membrane receptors when 
stimulated by NECA. 

T84 AdoB Subclass (Pharmacological Properties)— Vie next 
used pharmacologic approaches to characterize the properties 
of apically and basolaterally expressed adenosine receptors. In 
Fig. 2, the T84 Isc dose responses elicited by three AdoR ago- 
nists are shown. Either apical or basolateral stimulation with 
Ado, CGS-21680, or NECA induced a dose-dependent Isc re- 
sponse in T84 cells, with the hierarchy for the EDqq doses being 
identical for both apical and basolateral stimulation (NECA > 
-Ado > CGS-21680» Fig. 2 and Table I). The dose dependences 
for NECA-induced secretion were identical for apical and ba- 
solateral receptors » and the secretory responses to four other 
agonists revealed only modest differences between EDqq values 
for apical versus basolateral stimulation (Table I). However, 
T84 cells were 10-fold more sensitive to authentic adenosine 
applied to apical rather than basolateral cell surfaces (Fig. 2, A 
and B, respectively; apical 0.63 ± 0.16 ^lm EDgo versus baso- 
lateral 7.78 ± 1.77 jULM ED50). This difference in Ado-elicited Isc 
appears attributable to Ado uptake by the basolateral mem- 
brane, resulting in a shift of the dose-response curve to the left 
Inhibition of the basolateral Ado uptake process by dipyri- 
damole (DPM), 4-nitrobenzyl-6-thioguanosine, or 4-nitroben- 
zyl-6-thioinosine all shifted the basolateral Ado dose curve to 
the left (Fig. 3). The EDgg values of the resulting Ado dose- 
response curves in the presence of these inhibitors was 1 /jtM, 
1.6 /iM, and 1 respectively, values approximating that 
observed for apical stimtdation. Since one of the inhibitors of 
Ado uptake, DPM, may also exhibit phosphodiesterase inhibi- 
tory effects, IB MX was used as a control to show that the DPM 
effect on the dose-response curve could not be explained by 
phosphodiesterase inhibition. None of these inhibitors altered 
the apical Ado Isc response (not shown). Lastly, the apical Ado 
dose-response curve and the leftward shifted basolateral Ado + 



Ado uptake inhibitor dose-response curves not only overlay 
each other but are highly similar to the Ado dose-response 
curves measured in CHO cells transfected with the same Ado 
receptor subtype, which leads to the T84 cell responses (see 
below). Thus, such data indicate that the relative insensitivity 
of the basolateral response to Ado is due to depletion of the 
basolateral microenvironment due to the activity of basolater- 
ally polarized adenosine uptake. 

The AdoR antagonist inhibition profiles (inhibition of re- 
sponse elicited by the Ado EDgo dose for the apical or basolat- 
eral stimulation, 1 and 10 ^lm, respectively) are shown in Fig. 4 
and summarized in Table I. Again, both the apical and baso- 
lateral receptors demonstrated identical antagonist hierar- 
chies (XAC > DPX > AM). 

The above data suggested that the same receptor subclass 
was expressed apically and basolaterally and, by comparison to 
published antagonist/agonist hierarchies (17-19), that the Agb 
receptor, recently cloned from rat brain and highly expressed in 
rat colon, might underlie these responses. Thus, we analyzed 
agonist/antagonist hierarchies in CHO cells stably transfected 
with the Aab AdoR and compared the results with those ob- 
tained from T84 cells. Responses in CHO cells were measured 
as cAMP generation since it has previously been shown that 
this receptor is positively coupled to adenylate cyclase. As 
shown in Fig. 5, the pharmacology of the expressed Ajb receptor 
in CHO cells mirrored that of the apical and basolateral recep- 
tors of T84 cells (NECA > Ado > CGS-21680 for agonist ED50 
values and XAC > DPX > AM for antagonist IDg^ values). 

AdoR Subclass mRNA in T84 and Natural Human Intes- 
tine — ^To verify that Ajb receptors are expressed on T84 cells, 
we next performed Northern blots using specific cDNA probes 
for the Ai, A^a, and A^b AdoR. As shown in Fig. 6, only Ajb- 
specific cDNA hybridized with mRNA from T84 cells, revealing 
two transcripts of approximately 2.4 and 1.7 kilobases. To 
examine whether additional AdoR family members may be 
expressed in T84 cells, reverse transcriptase-PCR was used 
employing a set of degenerate oligonucleotides. Primers were 
based on regions of the fifth and sixth transmembrane domains 
that are conserved among the A^. A^, and A^ AdoR cDNAs. 
Fragments of each of the three AdoR cDNAs were amplified. No 
other AdoR-like fragments were present, indicating the ab- 
sence of expression of novel adenosine receptors that share the 
general homologies of this receptor family (data not shown). 
- We next^deterrained whether the Agb receptor was expressed , 
in the human intestine. Previous in situ hybridization studies 
of rat intestine have suggested that the epithelium represents 
the major site within this tissue in which the AdoR is ex- 
pressed.^ As shown in Fig. 7, the A^b receptor appeared to be 
expressed at many levels of the human alimentary tract includ- 
ing the esophagus, gastric antrum, weakly in the small intes- 
tine, and heavily throughout the colon. Again, two transcripts 
comparable in size with those noted in T84 cells were present. 

Ado- and Ado Analog-mediated cAMP Generation in T84 
Cells — We next examined whether the A^ receptor was posi- 
tively coupled to adenylate cyclase in the highly polarized T84 
cell, as it is in the \mpolarized CHO cell (18). As shown in Fig. 
8. all three agonista studied (Ado, CGS-21680, and NECA) 
elicited a cAMP response in T84 cells both apically (Pig. 8A) 
and basolaterally (Fig, SB). The rank order of potency for the 
agonist cAMP ED50 values was the same as that observed for 
the Isc response, that is, NECA > Ado > CGS-21680 (see also 
Table I), both apically and basolaterally. Strikingly, however, 
the ability to generate cAMP in response to apical versus ba- 
solateral agonists differed. As seen in Fig. 8, basolateral ago- 
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Table I 

ED/iQ of adenosine receptor agonists and antagonists 
Isc was assessed after agonist addition to either the apical or basolateral reservoir, with data acquired every 2 min. The 6-min time point 
(steady-state) was graphed; the average of duplicate Isc data points were converted to percent of the maximal response and plotted against agonist 
dose. From this graph, the dose at which the half-maximal response occurred was determined. The mean of the average ED50 values was 
determined from multiple experiments and is reported in /aM, with standard error of the means (/i = 4 Ado, 7 CGS-21680, and 10 NECA; n = 3 
for all other experiments). For antagonist studies, the drugs were suspended in HBSS* containing an EDgo dose of Ado (1 for apical stimulation 
and 10 /iM for basolateral), and the data for the was calculated as in the agonist experiments, with a = 3. 



Isc 



Isc 



Agonist 



Apical 



Basolateral 



Antag- 
onist 



Apical 



Basolateral 



Ado 

CGS-21680 

NECA 

2-CADO 

R-PIA 

S-PIA 



0.63 ± 0.16 
36.86 ± 9,61 
0.16 ± 0.03 
3.67 ± 0.83 
3.09 ± 0.60 
16.00 ± 2.45 



7.78 ± 1.77 
18.22 ± 2.04 
0.06 * 0.02 
1.27 i 0.50 
2.40 ± 0.50 
11.43 ± 1.47 



AM 
DPX 
XAC 
8PT 



23.00 ± 1.23 
3.97 ± 0.91 
0.03 ± 0.01 
0.26 ± 0.13 



14.33 :£ 4.26 
2.33 ± 0.74 
0.06 ± 0.02 
0.29 ± 0.16 
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Fig. 3. Isc resposise in the presence of adenosine uptake in- 
hibitors. Basolateral adenosine (■) was added to T84 cells previously 
incubated with the Ado uptake inhibitors 4-nitroben2yl-6-thio- 
guanosine (▲) or 4-nitrobenzyl-6-thioino8ine ( 4 ), or with the phospho- 
diesterase inhibitor IBMX (□) or with DPM (#), which possesses both 
Ado uptake and phosphodiesterase inhibitory activity. All inhibitors 
were diluted lOx in HBSS^ and 10% volume added tx) the cells to 
initiate incubatioQ. Data are the average of two experiments performed 
.in duplicate. 
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Fig. 4. Isc dose-response curves for adenosine antagonists 
added apioaUy or basolaterally to T84 cells. Apical {left panel) and 
basolateral {right panel) antagonists were dissolved in HBSS^ buffer 
containing an —ED^ dose of adenosine (1 /iM apical or 10 y3A basolat- 
eral final Ado concentrations) and added to cells* and Isc responses were 
acquired. Each point represents the mean of at least three separate 
experiments performed in duplicate. The antagonists used were XAC 
(▲), DPX (•). and AM (■). Data are presented as percent of the Isc 
response to Ado alone for that experiment. 



nists were able to generate cAMP signals in 10-30-fold excess 
of the signals generated by apically applied agonists. The phar- 
macology of antagonist inhibition of the basolateral Ado-elic- 
ited cAMP responses was also examined. Fig. 9 shows that the 
antagonist ID50 Profile in T84 cells stimulated with 100 ^ Ado 
added basolaterally, a dose chosen for its large cAMP increase 
in the control cells, had a pharmacological hierarchy of XAC > 
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Fig. 5. cAMP dose-response curves for Ado agonists and an- 
tagonists firom CHO ceUs stably transfected with the AdoR. 
The left panel illustrates the agonist stimulation of CHO cells by NECA 
(•), Ado (■), and CG&21680 (▲) added to cells in HBSS^ buJOTer. while 
the right panel shows the antagonist inhibition of CHO cell cAMP 
responses elicited by 10 jxM Ado {antagonists dissolved in HBSS* con- 
taining Ado and then added to cells) Antagonists used were XAC 
DPX (•), and AM (■). In both panels, each point represents the mean of 
three separate experiments performed in duplicate. Data are presented 
as percent of the maximal cAMP response observed in each experiment 
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Fig. 6. Expression of adenosine receptor subclass in T84 cells. 
Poly(A)* RNA (20 pg) isolated firom T84 cells was hybridized with 
specific ^^-labcJed cDNA probes for the Al, A2a, and A2b adenosine 
receptors. Dark bands represent specific hybridization signals, with a 
myosin loading control designated by the arrow. BNA size markers (Life 
Technologies, Inc.) are shown in the left column. Kb, kilobases. 

DPX > AM. The order of the antagonist inhibition is identical 
to that shown for inhibition of Isc response in T84 cells (Fig. 4» 
Table I) and inhibition of cAMP generation in transfected CHO 
cells (Fig. 6). 

Relationship between A2b-generated cAMP and Isc Re- 
sponses — ^It has been previously suggested that Ado analog- 
mediated Cl~ secretion in T84 cells is not linked to cAMP 
generation (8, 11, 26). Thus, we defined the relationship be- 
tween Ado and adenosine analog-mediated cAMP generation 
and the Isc response. A key aspect in considering such relation- 
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Fig. 7. Northern blot analysis of the A^^ adenosine receptor 
expression in eight different human tissues. Po1y(A)^ RNA (20 /xg) 
isolated from rapidly frozen natural human tissues acquired through 
surgery was hybridized with a ^P-Iabeled A2b adenosine receptor 
cDNA probe. Dark bands represent specific hybridization signals. RNA 
size markers (Ufe Technologies, Infi.) are shown in the left column. Kb, 
kilobases. 
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Fig. 8. cAMP dose-resiK>nse curves for adenosine agonist stim- 
ulation in T84 cells. Agonists were added apically (left panel) or 
baaolaterally (right panel), the reaction was allowed to run 10 min, and 
then cells were lysed and the generated cAMP concentrations were 
analyzed. Each point represents the mean of at least three separate 
experiments performed in duplicate. Agonists used were N£CA (•), Ado 
(■), and CGS-21680 (A). Data are presented as percent of the Isc 
response to Ado alone for that experiment 
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Flo. 9. cAMP dose-response curves for adenosine antagonist 
inhibition of basolateral Ado stimulation in T84 cells. Antago- 
nists were dissolved in ESSS'*' buffer containing 100 /iM Ado (final 
concentration), the response was allowed to proceed for 10 min; then 
cells were lysed, and the generated cAMP concentrations were ana- 
lyzed. Each point represents the mean of at least three separate exper- 
iments performed in duplicate. Antagonists used were XAC (A). DPX 
( ), and AM (■). Data are presented as percent of the Isc response to 
Ado alone for that experiment. 



ships, as pointed out by comparing the data in Figs. 2 and 8, is 
that the ability of T84 cells to secrete Cl~, as manifested by Isc, 
saturates well before the ability of the cell to generate cAMP. 
Therefore, using forskolin as a positive control for cAMP- 
mediated Isc, we focused on the physiologically relevant (for 
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Fig. 10. Correlation between TS4 cAMP and Isc responses to 
forskolin or adenosine stimulation. Basolateral stimulation of T84 
cells was elicited by forskolin {left panel) or adenosine (right panel\ and 
the Isc (curves) and cAMP (bars) responses were analyzed. All points 
were performed in duplicate or triplicate using IBMX in the fithanol 
extract buffer and represent the responses observed in four separate 
experiments. Data are presented as the mean percent of the maximal 
Isc response observed in each experiment on the left axes, find the 
picomoles of cAMP-generated/monolayer of T84 cells are indicated in a 
representative experiment on the right axes. 



Isc) dose range and found that detectable and graded: incre- 
ments in cAMP occur with ascent through tiie Isc: dose- 
response curve (Fig. 10). However, the cAMP response contin- 
ues to rise beyond the point where the Isc response is 
saturated. Such subsequent rises in cAMP generation, which 
are non-physiological vntti regard to the already maxinoal Isc 
response, dwarf the cAMP responses that occur in the aigonist 
concentration range for stimulated Isc (Fig. IQA). This point is 
readily apparent by comparing the cAMP responses froin Pig. 
SB (which approach 10^ pmol cAMP/10® cells after basolateral 
exposure to agonists) with those from Fig. lOB (which, in the 
range of the Isc response, are less than 10^ pmol cAMP/IO^ 
ceUs). In response to basolateral adenosine, a graded increase 
in cAMP was observed within the range of the doses required to 
elicit a secretory response. Moreover, the quantity of icAMP 
generated in response to agonist concentrations within the 
dose-response curve was similar between forskolin andL baso- 
lateral adenosine. These data strongly suggest that the baso- 
lateral Aijb receptor is positively linked to adonylate cyclase, - 
Ligand binding to the basolateral receptor then elicits a Isc 
response via cAMP. 

In contrast, cAMP generation following apical exposure to 
Ado was less clearly related to the Isc response (Fig.: 1 LB). 
While significant and progressive increases in cAMP genera- 
tion covdd be measured in the Ado concentration range of 3 x 
10"^ to lO""* M (roughly corresponding to the range of ED70 
saturation), no significant increase in cAMP generation was 
measurable at the Ado concentration corresponding to the 
EDgQ. In addition, the cAMP responses observed for the dose 
range corresponding to ED76-ED100 were small (<10%) com- 
pared with those observed in this same area of the ; dose- 
response curves for forskolin or basolateral Ado (Figs. liO and 
11). Therefore, to further test whether the cAMP-dependent 
protein kinase mediates Isc in response to both apical and 
basolateral adenosine stimulation, the Isc responses tb Ado, 
forskolin, or carbachol were assessed in the presence of the 
protein kinase A-speciiic antagonist H-89. As shown in Fig. 12, 
the cAMP-mediated response to forskolin and both the apical or 
basolateral responses to Ado were comparably inhibited by 
increasing doses of H-89. In contrast, Isc responses to the 
calcium-mediated agonist carbachol were unaffected bjy the 
identical doses of H-89. These results, coupled with the data 
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Fig. 11. Comparison between apical and basolateral Ado stim- 
ulation of T84 cAMP and Isc responses. Adenosine stimulation of 
T84 cells was elicited basolaterally (left panel) or apically {right panel), 
and the Isc (curves) and cAMP (bars) responses were analyzed. All 
points were performed in duplicate using IBMX in the ethanol extract 
buffer and represent the responses observed in four separate experi- 
ments. Data are presented as the mean percent of the maximal Isc 
response observed in each experiment on the left axes, and the pico- 
moles of cAMP-generated/monolayer of T84 cells are indicated in a 
representative experiment on the right axes. 
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FlO. 12. Inhibition of cAMP-dependent protein kinase. Adeno- 
sine stimulation of T84 cells was eUcited apically (■) or basolaterally 
( ) with adenosine or by forskolin (A) or carbachol (♦ )» and the Isc 
responses were analyzed in the presence of increasing doses of protein 
kinase A-specific inhibitor H-89. All points are the average of two 
experiments performed in duplicate and are presented as the mean 
percent of the control Isc response observed in each experiment on the 
left axes, 

presented above relating the Isc and cAMP dose curves for Ado, 
strongly suggest that both apical and the basolateral AdoR- 
inediated Isc resjponses signal via the cAMP-protein- kinase A* 
pathway. 

DISCUSSION 

These studies show that intestinal epithehal cells, as mod- 
eled by the human cell line T84, express both apical and baso- 
lateral AdoRs that pharmacologically behave as A^b adenosine 
receptors. Northern blots of T84 mRNA using aubclass-specific 
probes reveal strong expression of the A^b AdoR but no detect- 
able expression of the Aj or subclasses of receptor. Further- 
more, reverse transcriptase-PCR did not identify any new AdoR 
subtypes in T84 cells. The strong expression of the Agb receptor 
by natural colonic tissue confirms that the A2b subclass of AdoR 
is expressed in the natural tissue as well as iJie widely utiHzed 
T84 model. Lastly, we show that adenosine signals CI" secre- 
tion via cAMP in T84 cells. 

Signaling of CI" Secretion through the A^^, Ado-R— Previous 
studies of adenosine-elicited CI" secretion in T84 cells (elicited 
by apical (neutrophil-derived secretagogue (8)) or basolateral -h 
apical (Ado and analogs (26)) stimiilation) have suggested that 
this receptor does not signal through cAMP. For example, 
others have found that the dose-response curve of cAMP gen- 
eration, eUcited by the Ado analog NECA, is shifted 1 order of 
magnitude to the right of that for Isc generation (26). Two 



pieces of information from the current study help explain this. 
First, the cAMP responses to basolateral addition of adenosine 
over the physiologically relevant dose range are small com- 
pared to those obtained at doses above saturation. To observe 
such small changes, a phosphodiesterase inhibitor was needed 
in the original lysis buffer (data not shown). Second and more 
importantly, however, it appears that the ability of T84 cells to 
generate cAMP far exceeds the concentration of cAMP needed 
to saturate the Cl~ secretory response. Thus, even with the 
known cAMP-mediated Cl~ secretagogue forskolin (4), the 
cAMP signals generated throughout the CI" secretory dose- 
response curve are dwarfed by those that follow saturation of 
the secretory response, thus shifting the ED50 by at least: a 
magnitude. Since it appeared that the size of the Ado-elicited 
cAMP signal throughout the secretory dose-response curve lis 
comparable with that throughout the forskolin dose-response 
curve, the response eUcited by the basolateral A^^, receptor is 
well accounted for by an Agb adenylate cyclase-cAMP signaling 
pathway. This fits well with reports that the physiological 
response profile, based on the additive and/or potentiating in- 
teractions of adenosine analogs with other secretagogues, was 
identical to that expected for a cAMP-based response (8, 26). 

In contrast to the basolateral receptor, the signaling path- 
way linking the apical Agb receptor to the Cl~ secretory i!e- 
sponse seemed less straightforward initially. In the presence of 
phosphodiesterase inhibitors in the lysis buffer and throughout 
the cAMP assay, minor but significant increments in cAMP 
were observed within the Isc dose-response curve following 
apical stimulation (Fig. 11). However, such increments are not 
apparent until the EDgo dose for Isc generation has been ex- 
ceeded. On the surface, these data appear to negate a positive 
couplmg of apical Asb with adenylate cyclase. However, the 
dose-dependent increase in cAMP elicited by apically applied 
Ado and the closely correlated pharmacology between apical 
agonist stimulation of Isc and cAMP indicated a relationsh(ip 
between Isc and cAMP. Since the Isc dose-response curve :is 
shifted one log to the left for apical versus basolateral stimula- 
tion (see below), vnth the apical response occurring rapidly, and 
since T84 monolayers severely restrict apical to basolateral 
diffusion of solutes, the small cAMP increments seen with 
addition of apical Ado at concentrations of 5-10 ^iM can almost 
certainly not be attributed to Ado leak to the basolateral com- 
partment with subsequent binding to the^a.sol^teral receptor. _ 
Therefore, we further investigated the relationship between 
cAMP and Isc in Ado-stimulated T84 cells using a cAMP- 
dependent protein kinase inhibitor, H-89. While H-89 compa- 
rably inhibited forskolin, apical Ado, and basolateral Ado-elic- 
ited Isc responses over the same dose range, these 
concentrations of the inhibitor had httle or no effect upon the 
carbachol-stimulated Isc. These data strongly suggest that, like 
A^b receptors in CHO cells and basolateral Aab receptors in T84 
cells, the apical A2b receptor is also coupled to adenylate cy- 
clase. If so, these daU imply that T84 cells express a small pool 
of adenylate cyclase on the apical membrane in dose proximity 
to apically localized cAMP-dependent CI" channels. Thus, sig- 
nal transduction via apical AdoRs may occur at low receptor 
occupancy (ED50 > lO-fold lower) via efficient coupling to ad- 
enylate cyclase, protein kinase A, and CI" conductance path- 
ways (30--32). Such efficiency would simply reflect the close 
spatial relation between the components of this putative sig- 
nal-transducing pathway. 

Given these data above, it seems that explanations for apical 
signaling by adenosine via a cAMP-protein kinase A-indepan- 
dent pathway may not be necessary. Such alternative explana- 
tions would have included the possibihty that the A^^ receptor 
may be linked directly to CI" channels via heterotrimeric 
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GTPases, The serpentine receptor family to which adenosine 
receptors belong are, as a paradigm, linked heterotrimeric G- 
proteins (24). Since the apical receptor resides in the same 
membrane domain as the regtilated Cl~ channel and since it 
has been shown that G-proteins can directly regulate the 
cAMP-responsive CI" channel, CFTR (33), it is possible that 
subclasses of receptors within this family could via a direct 
cAMP-independent pathway regulate Cl~ secretion. Addition- 
ally, Barrett and Bigby (34) have recently reported evidence of 
phospholipid remodeling and arachidonic acid release as a con- 
sequence of exposure of T84 cells to adenosine analogs. These 
observations raise the possibility that signal transduction fol- 
lowing apical stimulation might be influenced by a lipid- 
derived mediator. Finally, the possibility exists that multiple 
signaling pathways might be involved in mediating the apical 
Ado response, thus permitting potentiation of responses as 
observed in other cell types and systems (35-38). While the 
present study clearly indicates that cAMP-protein kinase A 
signaling is crucial to the Isc response to signaled by apical 
adenosine, the possibility that such small cAMP responses 
interact synergystically with other mediator pathways (such as 
those possibilities outlined above) are not ruled out by our 
findings. 

Polarization of the Secretory Response Elicited by the Natural 
Ligand-AJsing the adenosine analog NECA, others have pre- 
viously shown that the Isc dose response was not significantly 
different between apical and basolateral stimulation, although 
it was noted that the size of the response to basolateral stim- 
ulation was modestly greater than that for apical stimulation 
(14). We previously reported that a buffer conditioned by a 
neutrophil-derived secretagogue preferentially elicited CI" se- 
cretion from the apical membrane, with little evidence of baso- 
lateral secretory activity observable (8, 39). When this neutro- 
phil-derived agonist was later defined as 5'-AMP, it was also 
recognized that the concentrations present in solutions condi- 
tioned by activated neutrophils were in the low piM range. As 
shown here, adenosine in this concentration range is only an . 
effective secretagogue when applied apically. Indeed, the 
for adenosine is 0.63 ± 0.16 ;im apically but 7.78 ± 1.77 ^uM 
basolaterally. In contrast, the basolateral ED^o values for five 
other non-metabolized Ado analogs were 30-50% of those for 
apical stimulation. Such data imply a slightly greater sensitiv- 
ity to basolateral as compared with apical stimulation for met^ 
abolically stable AdoR agonists. Thus, it is likely the greater 
apical sensitivity for the natural agonist reflects the presence 
of a catabolic pathway restricted to the basolateral domain. 
Such "catabolism" represents uptake of basolateral adenosine, 
a mechanism identified in other cell tyi>es (1, 2), since inhibi- 
tion of Ado uptake by three inhibitors shifted the basolateral 
adenosine dose curve to the left, closely approximating the 
apical dose curve. In addition, we have found that neither the 
adenosine deaminase inhibitor deoxycoformycin nor the 6'- 
nucleotidase inhibitor a,j3-methylene-ADP alters the EDgo 
shift observed between apical and basolateral adenosine stim- 
ulation (not shown). 

T84 Cells and Natural Human Intestine Express the 
AdoR (Therapeutic Implications)— Si/Q^e^ et oL (18) recently 
used PCR-based approaches to clone a novel adenosine receptor 
subtype firom rodent brain, which they classified as the Ag^ 
receptor based on its ligand binding characteristics and its 
apparent positive coupling to adenylate cyclase. Initial North- 
em blots of rat tissues indicated that the receptor was 
expressed by the central nervous system and, in a restricted 
manner, in other organs. While no expression was detected in 
rodent liver, kidney, small intestine, or heart, expression in 
rodent large intestine, urinary bladder, and lung- was found 



(18). Adenosine is a known secretagogue in the Ueum and colon 
(2, 3) and is the major direct-acting secretagogue released from 
stimulated neutrophils (8, 11), although it is likely that other 
PMN products might also contribute to Cl~ secretion through 
indirect actions mediated by subepithelial cells; (40). Neutro- 
phils release this secretagogue in the form of 5'-AMP, which is 
then converted by an ectoenzyme on the intestinal epithelial 
cell apical membrane to authentic adenosine : (11). During 
states of active intestinal infiammation, activated neutrophils 
acciunulate in the colonic crypts, the site of electirogenic chlo- 
ride secretion (41), where the neutrophils have direct access to 
the apical membrane ectoenzyme as well as th^ apical AdoR 
(15, 42). Indeed, such "crypt abscesses" are the natgor histolog- 
ical criteria used in evaluating active inflammatory intestinal 
disease (7, 42). Since it appeara that this apical receptor is of 
the A^b subtype and since free access to this receptor is afforded 
from the colonic lumen, an attractive form of therapy for Cl~ 
secretion related to active infiammation might be the lumenal 
application of non-metabolizable A^b-specific antagonists. 

In summary, human intestinal epithelial cells and human 
colonic tissue contain abundant adenosine receptor of the Ajb 
subclass. Both the apical and basolateral receptors of T84 cells 
appear to represent Aab receptors. The signaling pathway for 
both apical and basolateral adenosine-mediated Cl~ secretion 
is via cAMP. Lastly, basolateral stimulation with the natural 
agonist is less sensitive than that observed with apical agonist 
stimulation due to polarized uptake of authentic adenosine. 
Apical adenosine is known to stimulate intestinail secretion in 
natiural as well as cultured intestinal epithelium, and adeno- 
sine is held to be a potentially key agonist associated with 
infianunatory cell infiltration of mucosa (43, 44)i The expres- 
sion of this unique subclass of adenosine receptbr at this site 
opens the vista of lumenally directed, Agb subclass-specific 
receptor antagonists for the treatment of secretory diarrhea 
associated with infiammation. 
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